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technologies.
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I. INTRODUCTION Achieving a radiation-hardened mi-
crocircuit in any technology is a complex func-

1.1 Overview tion of processing, electrical design, and lay-
out. Test structures provide valuable informa-

Test chips and special test structures tion for optimization of each of these activities.

are assuming a role of ever increasing impor- Process variables (e.g., starting material charac-

tance in the development of radiation-hardened teristics, epitaxial layer characteristics, implant

microcircuits. The reason for this expanding role depths, drive-in times and temperatures, oxide

lies in the expense and complexity of VHSIC growth procedures, and photolithographic di-

(very high speed integrated circuits) and VLSIC mension control) often have first-order effects on

(very large scale integrated circuits) class micro- radiation hardness. Process control structures

circuits. Special devices are required to: (e.g., van der Pauw devices, Kelvin contact de-
vices, etc), in conjunction with devices designed

to identify failure mechanisms, can provide valu-
1. investigate failure mechanisms; able insight to process modifications for harden-

2. evaluate process hardness; ing [2].

3. develop design rules; and The electrical design activity must
consider the post-irradiation performance of cir-

4. provide for hardness assurance monitoring. cuit elements such as transistors, diodes, and
resistors. The performance information is typi-
cally gathered from test devices which are repre-The purpose of the following document is to pro- sentative of the elements used in the microcircuit

vide information on a variety of devices which design 3i .

have been found useful in developing radiation-

hardened microcircuits for MOS (epi/bulk, SOS, The layout activity translates the elec-
and SOI) and bipolar technologies. trical design into a mask topography which will

implement the circuit function in the process

1.2 Background technology. The layout is constrained by the de-

sign rules defined for the technology from special
Test chips incorporating specialized test structures with variations in critical dimen-

test structures are widely used throughout the sions. These design rules often take the form
semiconductor industry for process development of spacings between different layers in the fab-
and control. The need for such devices was rication process (e.g., buried layers, implants,
recognized early by several manufacturers, and and oxide boundaries). Design rules which may
there is an extensive literature base document- be adequate for commercial devices may require
ing their design and application. In the early significant modification for a hardened microcir-
1970's, the National Institute of Standards and cuit.
Technology (NIST), formerly National Bureau
of Standards (NBS), became especially active in In selecting test structures for a par-
the development of standard test structure de- ticular application, the engineer must have a
signs [1]. The 400 series of NBS Special Publi- clear understanding of his objectives. The test
cations is an excellent source of historical design structures selected must be appropriate for those
and application information. Much of the work objectives. In the development of a new pro-
in radiation effects test structures grew out of cess, the emphasis may initially be on identify-
the NIST efforts. ing failure mechanisms. Simple structures for
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process control and radiation effects characteri- performance of the two structures will provide a
zation will be needed. indication of the importance of edge leakage.

As the process becomes better defined, This example points out the impor-
the emphasis may be on hardness evaluation tance of having a particular failure mechanism
to identify fabrication modifications which are in mind when designing a test structure. It also
most beneficial for performance and hardness. indicates the need to consider the application of
Both simple radiation characterization struc- the structure in radiation testing and data re-
tures and small-scale macrocells will be required duction. By including two devices whose only
at this stage. difference is the number of edges, we can draw an

unambiguous conciusion directly from the test
Once the process is well defined, the results.

emphasis will probably shift to identifying de-
sign rules. Structures will be required with vari- When the emphasis is on hardness
ations in their critical dimensions. Test results evaluation, special consideration should be given
frum such devices permit the engineer to estab- to the location of the test structure on the
lish design rules which will ensure hardened de- test chip layout. Structures intended for test-
signs, ing in the same radiation environment should

be placed together. Placement of bonding pads
As the effort moves from development should be made to facilitate packaging all de-

to production, the emphasis will shift from dis- vices to be tested in one environment in the same
covering rules to monitoring compliance with package with a single set of pin assignments.
design rules, improving yield [4], and ensuring This greatly simplifies the test effort at remote
that performance will remain satisfactory un- facilities and eliminates many sources of error. If
der worst-case conditions. Test structures often possible, the radiation test engineers should be
form the basis for hardness assurance decisions. included in decisions related to device selection

and location. Test plan development should be
When the emphasis is on identifying done in parallel with test chip design to ensure

the importance of various failure mechanisms that test requirements are considered.
in determining process hardness, test structures
should be selected to enhance the contribution For those environments (e.g., total
of a particular mechanism to the observed ra- ionizing dose) in which the radiation effect is
diation response. For example, in many metal- a strong function of the bias, several identical
oxide semiconductor (MOS) technologies, post- structures should be included on the test chip.
irradiation source-to-drain leakage may be an This permits multiple bias conditions to be ex-
important failure mechanism. The exact loca- amined simultaneously during a single irradia-
tion of the leakage path must be determined in tion. The availability of several identical struc-
order to apply the appropriate hardening proce- tures can result in significant savings in pack-
dures. If the leakage is occurring around the aging costs, test facility time, and data analysis
ends (edges) of the transistor, a parallel con- effort.
nection of many transistors of minimum width
will emphasize edge leakage. If a closed geome- In many cases, simple test structures,
try transistor (i.e., an edgeless layout, where the macrocells, and more complex circuits may be
source, gate, and drain are arranged in an annu- included in the same section of the test chip.
lar pattern as in sect. 4.10) of equivalent width This permits a complete characterization from
is included, comparison of the post-irradiation the transistor through the subcircuit level to be
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made at the radiation facility without a change 1.3 Summary
of test fixture. For example, ionizing dose rate
tests typically are made on packaged parts at To assist the designer in locating de-
either a linear accelerator (LINAC) or flash x- scriptions of specific structures for a technology
ray (FXR) machine. If all photoresponse struc- and radiation environment, all the devices dis-
tures are grouped together, photocurrent mea- cussed in this document are listed in Table 1,
surements on diodes and upset measurements on with an indication of their purpose, appropriate
macrocells and subcircuits can be made using technologies, radiation environment, and loca-
the same package. tion within the text. A review of the table will

show that several structures address similar ef-

When emphasis is placed on determin- fects and environments. However, closer exami-

ing design rules, consideration should be given nation of the detailed description will reveal nu-

to including test structures which are identi- ances in the application of each structure, which

cal except for a critical dimension. Structures will help designers differentiate among radiation

should contain dimensions which are nominal, failure mechanisms.

incrementally larger, and incrementally smaller.
In very new technologies or where failure mech-
anisms are incompletely understood, additional
spacings may be required. Once design rules are
determined, they should be made part of the
automated design rule checking procedure em-
ployed by the manufacturer. Design rules which
are not checked are not design rules at all.

Hardness assurance test structures are
often derived from those found to be most sensi-
tive to the failure mechanisms and process varia-
tions identified earlier ;n the development cycle.
Emphasis should be placed on worst-case struc-
tures. Also, test structures with parameters
which are directly related to circuit performance
are particularly important. Hardness assurance
devices may be placed directly on the die, on
process monitors which are typically placed in
each wafer quadrant, or in the saw kerf adjacent
to the die. Their location depends on the degree
of process uniformity over the wafer. With the
increasing availability of x-ray sources for wafer
irradiation, hardness assurance structures may
be evaluated for post-irradiation performance at
wafer probe [5-81. Sufficient space must be al-
located for these devices to ensure that adja-
cent microcircuits are not irradiated and that
the test structures are not shadowed by the con-
tact probes.
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Table 1. Summary of test chip structures.

Radiation Reference Structure
Name Technology environment section application

(Chapter 3. Process Characterization Structures)

1. Crossbridges MOS, Ionizing Dose, 3.2 Resistivity and
all inter- Bipolar dose rate, linewidth
connects neutrons

2. Van der Pauw MOS, Ionizing Dose, 3.3 Resistivity
all implants Bipolar dose rate,

neutrons

3. Spreading MOS, Ionizing Dose, 3.4 Doping profiles
resistance Bipolar dose rate,
target neutrons

4. Kelvin MOS, Dose rate, 3.5 Parasitic resistance,
contacts Bipolar survivability burnout, and rail

span collapse

5. Via chains MOS, Dose rate, 3.6 Parasitic resistance,
for all Bipolar survivability burnout, and rail
interconnect span collapse
layers

6. Contact chains MOS, Survivability 3.7 Parasitic resistance
for all Bipolar and burnout
implants

7. Electrothermal MOS, Survivability 3.8 Rail span collapse
migration bipolar and burnout
device

8. Four-layer MOS/SOS, Dose rate 3.9 Epi-thickness
continuity MOS/SOI
device
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Table !. (cont'd)

Radiation Reference Structure
Name Technology environment section applicatior

(Chapter 4. Gate Oxide Devices)

9. Transistors- MOS Ionizing 4.2 Effective channel
variable dose length
length

10. Transistors- MOS Ionizing 4.3 Effective channel
variable dose width
width

11. Transistors- MOS Ionizing 4.4 Measurement of interface
charge pump dose states
(four
terminal)

12. Transistor- MOS Ionizing 4.5 Radiation effects on
nominal dose transistor I/V charac-
length/ teristics with reduced
extra edge and narrow
width channel effects

13. Transistor- MOS Ionizing 4.6 Radiation effects on mobility
W/L = dose with reduced short
10!m/10pm channel effects

14. Transistor- MOS Ionizing 4.7 Radiation effects on
nominal nose typical I/V charac-
(multiple teristics as a function
devices) of layout and bias

conditions

15. Transistors- MOS Ionizing 4.8 Radiation effects on
orthogonal dose bilateral operation
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 4. Gate Oxide Devices (cont'd))

16. Transistors- MOS Ionizing 4.9 Enhanced radiation-
multi-edge dose (see 4.5) induced edge

leakage

17. Transistors- MOS/BLK Ionizing 4.10 Separate subthreshold
edgeless MOS/SOS dose and back channel

MOS/SOI leakage from
edge leakage

18. Transistors- MOS/SOS Ionizing 4.11 Eliminate kink effects
source/body MOS/SOI dose and and parasitic bipolar
ties dose rate transistor photocurrent

multiplication

19. Capacitor- MOS Ionizing 4.12 Check oxide thickness
minimum dose and separate oxide
aspect trapped charge and
rati, interface states

20. Capacitor- MOS Ionizing 4.13 Minimize series
large dose resistance effects
aspect on measurements
ratio

(Chapter 5. Field Oxide Devices)

21. Transistors- MOS Ionizing 5.2 Check field inversion
edgeless- dose and leakage
poly gate

22. Transistors- MOS Ionizing 5.3 Check field inversion
edgeless- dose and leakage
metal-i gate
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 5. Field Oxide Devices (cont'd))

23. Transistors- MOS Ionizing 5.4 Check field inversion,
2 edge-poly dose leakage, and
gate design rules

24. Capacitor- MOS Ionizing 5.5 Check field inversion
poly/silicon, dose and parasitic capacitance
minimum aspect value
ratio

25. Capacitor- MOS Ionizing 5.6 Check field inversion
poly/silicon, dose and parasitic
large aspect capacitance value
ratio with minimum

resistance effects
on measurement

26. Capacitor- MOS Ionizing 5.7 Check field inversion
metal-1/ dose and parasitic
silicon, capacitance value
minimum
aspect
ratio

27. Capacitor- MOS Ionizing 5.8 Check field inversion
metal- dose and parasitic capacitance
1/silicon, with minimum resistance
large effects on measurement
aspect
ratio
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 6. Interlevel Dielectric Devices)

28. Capacitors for MOS Ionizing 6.2 Parameterize interlevel
interconnect bipolar dose dielectric capacitance
levels
minimum
aspect
ratio

29. Fringing MOS Ionizing 6.3 Parameterize fringing
field dose field capacitance
capacitor,
metal-i/
poly
serpentine

(Chapter 7. Trench Structures)

30. Trench FET MOS Ionizing 7.2 Leakage current
w/double Bipolar dose under trench
trench with
and without
gate

31. Trench FET MOS Ionizing 7.3 Leakage current
w/single Bipolar dose under trench
trench with
and without
gate

32. Trench array MOS Ionizing 7.4 Leakage current
with and Bipolar dose under trench
without gate
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 8. SOI Structures)

33. Epi/oxide/ MOS Ionizing 8.2 Back channel
substrate Bipolar dose threshold voltage
capacitor shift

34. SIM target MOS Ionizing 8.3 Impurity content
Bipolar dose of oxide

(Chapter 9. Radiation Sensitive Parasitic Devices)

35. Photodiode MOS Dose rate 9.2 Primary photocurrent
drain/substrate, as a function
unguarded, of dose rate
minimum aspect
ratio

36. Photodiode MOS Dose rate 9.3 Primary photocurrent
drain/substrate, as a function of dose
guarded, rate with restricted
minimum aspect collection volume
ratio

37. Photodiode MOS Dose rate 9.4 Lateral collection
drain/substrate, volume for primary
unguarded, photocurrent
large aspect
ratio

38. Phototransistor MOS Dose rate 9.5 Maximum secondary
drain/substrate/ photocurrent
well
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 9. Radiation Sensitive Parasitic Devices (cont'd))

39. Photodiode MOS Dose rate 9.6 Primary photocurrent
well/substrate, as a function of dose
Unguarded, rate with unrestricted
minimum aspect collection volume
ratio and secondary

photocurrent from
vertical parasitic
transistor

40. Photodiode MOS Dose rate 9.7 Primary photocurrent
well/substrate, from vertical
Guarded, collection
minimum volume
aspect ratio

41. Photodiode MOS Dose rate 9.8 Lateral collection
well/substrate, volume for primary
Unguarded, photocurrent
large aspect
ratio

42. Photoconductivity MOS/SOS Dose rate 9.9 Photoconductivity
interdigitated, MOS/SOI between epi islands
epi-to-epi through the substrate

43. Photoconductivity MOS/SOS Dose rate 9.10 Photoconductivity
interdigitated, MOS/SOI between poly lines through
poly-to-poly the substrate

44. Photoconductivity MOS/SOS Dose rate 9.11 Photoconductivity
interdigitated, MOS/SOI between poly lines
poly-to-epi and epi islands through

the substrate
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 9. Radiation Sensitive Parasitic Devices (cont'd))

45. MOS MOS Dose rate 9.12 Secondary photocurrent
phototransistor in a parasitic bipolar

transistor

46. SCR path MOS Latchup 9.13 Holding voltage and
source/well/ current as a function
substrate/ of source-to-well
source and well-to-source
maximum spacing
collection
efficiency

47. SCR path MOS Latchup 9.14 Holding voltage and
source/well/ current as a function
substrate/ of well (contact) to
source latch path and
maximum anode substrate (contact)
and cathode to latch path spacing
gate resistance

48. Snapback MOS Snapback 9.15 Snapback holding
structure voltage as a function

of contact spacing

49. Substrate MOS Latchup 9.17 Lateral spreading
spreading resistance as a function
resistance of contact dimensions

and spacing

50. Well MOS Latchup 9.18 Spreading resistance
spreading Bipolar as a function of
resistance contact dimensions

and spacing
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 9. Radiation Sensitive Parasitic Devices (cont'd))

51. Charge MOS SEU 9.19 Waveshape and amplitude
collection Bipolar for heavy ion strike
diode and charge sharing among
array layers

(Chapter 10. Bipolar transistors)

52. Transistor Bipolar Ionizing 10.2 Degraded transistor
library dose, characteristics as a
samples neutrons function of polarity

and layout

53. Transistor Bipolar Ionizing 10.3 Collector to
with nested dose emitter leakage
emitter

54. Transistor Bipolar Ionizing 10.4 Collector to
with walled dose emitter
emitter leakage

55. Transistors Bipolar Ionizing 10.5 Degraded transistor
with base/ dose characteristics as
emitter contact a function of
swap polarity and layout

56. Differenti-.! Bipolar Ionizing 10.6 Post-irradiation
pair dose, characteristic
transistors Neutrons matching
with individual
E/B/C terminals
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 10. Bipolar transistors (cont'd))

57. Differential Bipolar Ionizing 10.7 Post-irradiation
amplifier dose, offset

neutrons

(Chapter 11. Bipolar Diodes)

58. Diode Bipolar Ionizing 11.2 Post-irradiation
connected dose, characteristics
transistors neutrons

59. Buried Zener Bipolar Ionizing 11.3 Change in zener
dose, voltage
neutrons

60. Schottky Bipolar Ionizing 11.4 Post-irradiation
without dose, characteristics
guard ring dose rate

61. Schottky Bipolar Ionizing 11.5 Post-irradiation
with guard dose, characteristics
ring dose rate

62. Photodiode, Bipolar Dose rate 11.6 Primary photocurrent
buried layer/ with unrestricted
substrate, no collection volume
guard band,
minimum
aspect ratio

63. Photodiode, Bipolar Dose rate 11.7 Lateral photocurrent
buried layer/ collection volume
substrate, no
guard band,
large aspect
ratio
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 11. Bipolar diodes (cont'd))

64. Photodiode Bipolar Dose rate 11.8 Restricted lateral
buried layer/ collection volume and
substrate with secondary photocurrent
guard band of
minimum width
and spacing

65. Photodiode Bipolar Dose rate 11.9 Restricted lateral
collector/ collection volume
substrate with and secondary
large width and photocurrent
and minimum
spacing

66. Photodiode Bipolar Dose rate 11.10 Restricted lateral
buried layer/ collection volume
substrate with
surrounding
substrate
contact

67. Photodiode Bipolar Dose rate 11.11 Collector/base
base/collector primary
with minimum photocurrent
aspect ratio

68. Phototransistor Bipolar Dose rate 11.12 Secondary
with typical photocurrent
aspect ratio
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 12. Multi-Device Structures)

69. Four-layer Bipolar Latchup 12.2 Latch path within
path in a shared
shared isolation tub
isolation
tub

70. Schottky Bipolar Latchup 12.3 Latch path within
diode sharing a shared buried
buried layer layer
with transistor

71. Adjacent Bipolar Latchup 12.4 Substrate latch path
transistors in
separate buried
-layer tubs

72. Adjacent Bipolar Latchup 12.5 Substrate latch path
transistor and
resistor in
separate buried
layer tubs

73. Field oxide Bipolar Ionizing 12.6 Leakage current
FET with adjacent dose
buried layers for
source and drain

74. Annular Bipolar Ionizing 12.7 Leakage current
field oxide FET dose
with metal-1
gate

75. Gated diode Bipolar Ionizing 12.8 Surface leakage
dose
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 13. Resistors)

76. Maximum Bipolar Ionizing 13.2 Resistivity change
resistivity dose
resistor with
field plate

77. Resistor Bipolar Dose rate 13.3 Effective resistance change
without tub
resistor tie

78. Resistor Bipolar Dose rate 13.4 Effective resistance change
with tub
resistor tie

79. Pinched Bipolar Neutrons 13.5 Base width and doping
resistor monitor

(Chapter 14. Macrocells)

80. Inverter MOS Ionizing 14.2 Propagation delay
NAND/NOR Bipolar dose, degradation
delay chains neutrons
and ring
oscillators

81. Key subcircuit MOS Ionizing 14.3 Performance degradation
functions bipolar dose,

neutrons

82. Standard MOS Ionizing 14.4 Performance degradation
gate design for Bipolar dose,
technology neutrons
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Table 1. (cont'd)

Radiation Reference Structure
Name Technology environment section application

(Chapter 14. Macrocells (cont'd))

83. Shift MOS SEU, 14.5 Upset threshold
registers Bipolar ionizing and clocking

dose, dose frequency
rate, reduction
neutrons

84. RAM MOS SEU, 14.6 Upset threshold,
section Bipolar ionizing leakage access

dose, dose rate, time degradation
neutrons

85. NAND/NOR MOS Ionizing 14.7 Noise margin and
gate Bipolar dose, dose rate transient upset

neutrons

86. Input MOS Electrical 14.8 Photoresponse and
protection Bipolar overstress, burnout
circuits dose rate, characteristics

survivability,
ionizing
dose

87. Minimum gate MOS Dose rate, 14.9 Transient upset and
into a Bipolar SEU SEU propagation in
latch combinational logic

88. Large MOS Ionizing 14.10 Transient upset,
combinational Bipolar Dose, dose rate speed degradation,
macro survivability, burnout

neutrons
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Although the list of test structures is
extensive, it is not exhaustive. Designers should
use the structures discussed here as a starting
point and modify them to be appropriate to their
specific technology. Emphasis should be placed
on the purpose of each test structure in identify-
ing potential failure mechanisms. Modifications
to the structure design for a particular technol-
ogy are always appropriate so long as the final
device achieves its purpose.

As a result of two conferences, the
availability of reference information on test
structures and test chip designs has improved
greatly over the last five years. The IEEE In-
ternational Conference on Microelectronic Test
Structures publishes proceedings, which are an
extremely valuable source of information on
structures, measurement procedures, and appli-
cation of results [9-12]. The papers are primarily
oriented toward commercial technologies. Since
1986, the Defense Nuclear Agency and the U.
S. Army Harry Diamond Laboratories (HDL)
have been sponsoring a Workshop on Test Struc-
tures for Semiconductor Device Radiation Hard-
ening and Hardness Assurance. The summaries
of these workshops are available as special re-
ports [13-15]. The reader is encouraged to refer
to these publications for detailed design and ap-
plication information.
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2. FLOOR PLAN DESIGN placed on the interior of the test chip section and
are accessible only by probing or special bond-

2.1 Introduction ing patterns. Each design team will have to de-
termine the tradeoff between excessive numbers

The planning and design of the floor of structures and an adequate number to cover
plan of the test chip are critical steps in achiev- contingencies. In making that decision, the de-
ing a tool which can be used successfully for de- sign team should carefully consider the purpose
veloping radiation-hardened processes and cir- of the test chip and should involve the test engi-
cuits. The arrangement of the test structures neer and other interested parties.
on the die, the location and dimensions of
probe/bonding pads, and the grouping of related 2.2 Packaging Considerations
test structures into sections will have a major
impact on the test chip's success. As in all de- Test chips for radiation effects inves-
signs, the test chip will represent a compromise tigations are most often designed in sections.
between competing motivations. It will also be With packaging, these devices to be tested in
constrained by limitations in available resources the same radiation environment are grouped to-
and schedule requirements. However, resources gether. Most radiation effects testing requires
spent in the planning stage will result in reduced that the device be packaged for mechanical sup-
testing effort, better test results, clearer under- port, for protection in transport to the test fa-
standing of radiation failure mechanisms, and cility, and for electrical connection to the part
fewer redesigns. during and after the test. Therefore, sections of

the test chip are typically arranged so that they
Perhaps the two most strongly corn- can be scribed and bonded separately.

peting motivations are
Packages used for radiation testing

1. the desire to include every conceivable test should be as simple as possible. Many test fix-

structure; and tures available at the test facilities or from gov-
ernment laboratories are based on 40-pin dual-

2. the desire to include only those structures in-line packages (DIP's). These packages are
which are most likely to be tested. readily available in ceramic and can accommo-

date die up to 250 mils square. Ceramic pack-
Placing too many structures on a chip wastes ages are important because they contribute very
design and layout time and expands the die size. little dose enhancement, and their lids can be
They may also make the test effort too ambi- easily removed. Often lids of packaged test
tious if the test team attempts to make mea- chips are taped on rather than being soldered
surements on every structure. However, most down. This permits easy removal for environ-
test chips include contingency structures which ments in which testing is done on unlidded de-
are not intended for routine testing. They are vices. This feature also facilitates visual inspec-
included to yield valuable insight into the cause tion and probing if necessary for post-irradiation
of an unexpected radiation response. The con- diagnostics.
tingency structures are typically simple devices
for determining process characteristics and basic The pin constraints and the well size
radiation parameters. They include crossbridge of the package selected may provide good guide-
and van der Pauw structures, individual tran- lines for choosing the dimensions of the test chip
sistors and diodes, and simple macrocells (gates sections. Consideration should be given to the
and delay chains). Often these structures are bonding diagram for the packaged test samples
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when the floor plan is designed. Devices which out the sericonductor industry. If the pads will
will be tested simultaneously must be placed to- only be probed, 50 to 75 pm (2 to 3 mil) square
gether and have appropriate bond pad arrange- pads are usually adequate. If there is a chance
ments. _.,though a 40-pin DIP is mentioned that devices will be bonded out, 75 to 100 jm
above, other package types may be chosen. How- (3 to 4 mil) pads should be used.
ever, selection of overly complex or expensive
packages should be avoided if at all possible. Care should be exercised in assigning

terminals to bond pads in 2xN layouts. For

2.3 Floor Plans commercial technologies the tendency in test
chips is to tie all sources to a common bond pad

Figure 1 is a diagram of a test chip and all gates to a single bond pad for a given
floor plan divided into quadrants. Each quad- polarity of transistor (e.g., NMOS). Individual
ranL may be scribed and packaged indepen- pads are then assigned for the drains. While
dently. Moreover, each quadrant contains struc- this arrangement gives an efficient allocation of
tures which are primarily intended for a particu- the pads for normal electrical characterization, it
lar type of test or radiation environment. Quad- precludes providing a variety of bias conditions
rant 1 has devices intended for process control, for irradiation. Therefore, in a radiation effects
model parameterization, and total dose charac- test chip, the preferred design assigns each tran-
terization at probe using an x-ray source. Quad- sistor terminal to its own pad.
rant 2 contains simple devices and macrocells
intended for Co-60 total dose testing and neu- For radiation effects test chips, there
tron irradiation. Quadrant 3 contains simple are two additional considerations for the use of
devices and macrocells intended for dose rate a 2xN scheme. First, many manufacturers and
and latchup testing. Quadrant 4 contains simple government laboratories use a low-energy x-ray
structures and a large macrocell for single event tester to perform total dose testing on devices
upset (SEU) testing or more complete character- during probing. Since the x-ray beam can be
ization in the other environments, blocked or scattered by the probes, the test

structures should be placed in the center be-
Each quadrant will probably be bond tween the two columns of pads. Second, there

pad limited. There are several schemes which may be instances when devices from the process
have been devised for increasing the number of control section are selected for packaging. Bond-
pads. For several years, NIST has advocated a ing to a 2xN array can be quite difficult because
2xN array of pads, as shown in figure 2 [16]. the pads are so close together, and there is a ten-
Values of N typically range from 8 to 16. This dency for a test structure to use pads from both
type of arrangement is most useful for contact- columns. The layout designer can make pack-
ing process characterization structures during aging easier by identifying these structures that
probe. A simple probe card can be fabricated are most likely to be of interest. Then the arrays
to contact these pads, and electrical testing can containing those structures can be placed around
proceed quite rapidly. NIST test chips typically the periphery of the section. The pads used for
use 80 pm probe pads on 160 pm centers for the high-interest structures can be restricted to
the array. Buehler et. al. [17] have identified the outside column so that bond wires will not
two additional placements (i.e., 94 pm pads on have to cross over to the inside column.
144 1m centers within a row with 184 um spac-
ings between rows and 75 pm pads on 100 pm Another scheme "ar increasing the
centers within a row with 154 pm centers be- number of available bond pads is to use concen-
tween rows) that are relatively common through- tric rings. Structures which will be tested at
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Figure 1. Floor plan of a test chip organized into four quadrants.
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Figure 2. Probe pad placement for test structures organized in a 2xN pattern.
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Figure 3. Test chip layout illustrating use of concentric rings of bond pads.

the same time should all be tied to pads from tor structures such as cross bridges and van der
the same ring. A few of the variations on this Pauw devices. Active devices, such as transis-
approach are shown in figure 3. In these two tors, would be of limited use because they could
approaches, the concentric rings are quite close not be biased during irradia tion.
together, and long metallization runs may be re-
quired to connect structures with their bonding Finally, bonding pads can be arranged
pads. This is particularly true if the structure is around the periphery of individual circuits on
placed in the center of the die. If the technology the die as shown in figure 5. This is most ef-
or structure is particularly sensitive to capaci- fective on sections containing large macrocells.
tive loading, the designer should be careful in Pads are placed as they would be if the macro
the placement of individual structures. were being laid out for production. The macros

are then combined in a mosaic on a single sec-
The inner ring of bond pads can be tion of the test chip. In some cases, the designer

made smaller, as shown in figure 4. This will may wish to leave additional space between the
reduce the metallization run between the device macros so that they can be scribed and packaged
and its bonding pad. However, the number of individually. This may be desirable if the per-
pads in the inner ring is substantially reduced. formance of the macro is particularly sensitive
In some cases, contingency structures may be to package parasitics.
placed in the center of the die and connected
to probe pads. These structures would not be Even with the pad placement alterna-
bonded out to package leads, but they would tives discussed above, the test chip designer may
be available for probe testing if necessary. This still find that he is pad limited. Recently, several
approach is most appropriate for process moni- authors have discussed multiplexing schemes to
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Figure 4. Test chip layout illustrating interior probe pads for process monitor structures associated

with macrocell test structures.
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expand the number of devices accessible [18- intended structure. The effect can be reduced
(21]. Caution must be used in applying mul- or eliminated by making the interconnect on
tiplexing approaches to radiation effects test second-level metal. The addition of the inter-
chips, because the characteristics of the active level dielectric decreases the field in the oxide.
elements in the multiplexer will change as a func-
tion of radiation. In x-ray irradiations at the In technologies built in silicon sub-
wafer level, the beam can be collimated, and the strates, attention must be given substrate con-
multiplexer can be laid out so that it is shielded tacts. Control of the substrate bias is often cru-
from the beam. In such cases, a multiplexing cial in making accurate measurements on both
scheme can be an effective way to access several MOS and bipolar devices. Although provisions
test structures through a few pads. Test chips should be made for backside contact to the sub-
containing a large number of macrocells are good strate in packaged devices, topside contacts are
candidates for multiplexing. also important for probe measurements. The de-

signer should not rely on a single contact to a
Designers who are developing their well, tub, or isolation region. Instead substrate

first test chip may find a review of previous test contacts should be made as close as possible to
chips to be beneficial in providing ideas for floor the test structure. Metallization runs should be
planning and general design approach. Several made directly to the substrate contact.
test chips have been documented and can serve
as examples of designs for both process monitors
and radiation-sensitive test structures [22-28].

2.4 Metallization

The designer should pay close atten-
tion to the metallization pattern used to connect
the test structures to their bonding pads. If the
runs are too long, the extra capacitance may af-
fect the results of measurements. If the metal
is too narrow or there are too few vias and con-
tacts, the yield may be impaired. In general,
large numbers of vias and contacts should be
employed, and metal widths significantly greater
than minimum design rules should be employed,
if there are no contrary considerations.

Consideration should also be given to
using second-level metal for interconnects be-
tween the pad and the test structure. In some
technologies, there is a possibility of inverting
the silicon surface as a result of trapped charge
in field oxides. This charge trapping may be en-
hanced by bias on metallization runs. In some
structures, such as field oxide transistors, the
effect of the parasitics under the interconnect
metal may invalidate the measurement on the
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3. PROCESS CHARACTERIZATION For smaller test chips or hardness assurance kerf
STRUCTURES structures, only levels which are particularly im-

portant for radiation hardness may be used.
3.1 Introduction

There are many excellent characteri- 3.2.4 Application
zation structures which are useful in developing
and monitoring an advanced microcircuit pro-
cess. Several are documented in publications by The crossbridge is particularly use-
the NIST and are described in the Proceedings ful for evaluating polysilicon material used
of the IEEE Conference on Test Structures. The for gates or high-resistivity polysilicon used
reader is referred to those documents for a com- for cross-coupled resistor in SEU hardening
plete treatment of process characterization and schemes. Both the resistivity and the line width
photolithographic control devices. This chapter of polysilicon can be important contributors to
discusses the subset of process characterization device hardness even though they are not di-
structures which are particularly useful in the rectly affected by radiation. The resistivity of
development of radiation hardened technologies, the polysilicon is an important contributor to the

RC time constants associated with propagation
3.2 Crossbridge Structures of a signal through the circuit. This is particu-

larly the case in technologies in which polysilicon
3.2.1 Purpose is used for a partial interconnect layer. The line

width of the polysilicon directly determines the
figue Tue todrie st sht rsis- gate channel length in self-aligned MOS tech-

figure 6 is used to determine both sheet resis- nologies. If the polysilicon is underetched (i.e.,
tance and line width. wider than targeted) the width-to-length ratio,

and consequently the drive of the transistor, will
3.2.2 Description be reduced. Additional drive reduction from to-

tal dose irradiation may result in excessive prop-
The crossbridge structure is a six- agation delays and failure due to race conditions.

terminal device which incorporates a van der If the polysilicon is overetched (i.e., narrower
Pauw device (for sheet resistance determination) than targeted), hot electron effects may become
and a minimum line-width resistor. By knowing more important, and the reliability of the device
the design dimensions for length, the designer may be reduced.
may determine the line width of the device. The
crossbridge is used extensively in process char-
acterization and control for commercial as well The resistivity and dimensions of
as radiation-hardened technologies. There is an other interconnect and implant layers may be
extensive list of references which the designer similarly important in a radiation environment.
should consult for information on design, mea- The resistivity of metallization layers will di-
surement, and data analysis [39-45]. rectly impact rail span collapse problems (i.e.,

excessive voltage drops in the bus metallization
3.2.3 Special Design Considerations due to photocurrents experienced in a dose rate

environment). It is also a direct factor in deter-
In large test chips, crossbridge struc- mining heating of the metallization and poten-

tures should be included for all interconnect lev- tial burnout in extremely high dose rate, surviv-
els and for all implants with critical dimensions. ability environments.
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Figure 7. van der Pauw test structure.

3.3 van der Pauw Structures 3.3.3 Special Design Considerations

van der Pauw structures should be
3.3.1 Purpose included for each diffusion or implant used in

the process.
The van der Pauw structure (shown

in figure 7) which is used to determine sheet re- 3.3.4 Application
sistance, is one of the most widely used process
monitoring structures in the semiconductor in- Doping concentrations as reflected

dustry. Applications of the data from van der in the sheet resistances have a direct impact on

Pauw devices are well documented by NIST [46- device performance and radiation hardness. The

47]. doping determines:

1. The surface potential required for inver-
3.3.2 Description sion at silicon/silicon-dioxide interfaces;

2. The dimensions of depletion layer widths
The van der Pauw structure most dheepr pthoorenvaes

commonly used is a four terminal device with and hence prompt photocurrent values;

two terminals used to force current through the 3. The gain of parasitic bipolar transistors
measured area and two terminvls used to sense which participate in latchup paths, and
the voltage. The measured area is typically many other critical radiation effects pa-
square. raneters.
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The van der Pauw structure pro- through different layers can be made on the same
vides a simple measurement of a parameter di- bevel. Therefore, the dimensions of the structure
rectly related to doping concentration. It is use- should be adjusted to make room for each set of
ful in both process monitoring portions of large measurements required. Designers should con-
test chips and as a contingency structure on sec- suit their process characterization department to
tions containing devices for radiation testing. determine the dimensions required for ensuring

good measurement values.
3.4 Spreading Resistance Target

3.4.4 Applications
3.4.1 Purpose

As noted in the discussion on van der
Thwre 8sedgrsiae targe, asa Pauw devices, doping concentration plays a ma-

shown in figure 8, is used to provide a large area jrrl ndtriigdvc efrac n

which can be angle lapped and used for spread- radiation hardness. Spreading resistance mea-

ing resistance measurements to determine dop- surements provide one of the most commonly

ing profiles. Considerable care must be taken usemets orideternn the atualmdong
in te iterrettio ofdat frm sreaingre-used methods for determining the actual dopingin the interpretation of data from spreading re- prfiles producdb h rcs.Teepoie

sistance measurements. Review of the literature pro uced by the process. These profiles
are also required for device physics simulation

associated with this profiling procedure is highly of photoresponse, latchup, SEU waveforms, and
advised [49-51]. other radiation effects.

3.4.2 Description
3.5 Kelvin Contacts

The spreading resistance target is
typically a square structure at least 50 um on 3.5.1 Purpose
a side which contains all the implants used to
construct devices in the technology. The vertical Kelvin contact structures (as shown
structure of the device should be consistent with in fig. 9) Ke o structuresi(a o
the device being fabricated. For example, in vias and contacts. Contact and via resistance
an n-well CMOS technology, a target should be vias a on Co ad viaersistance
included for the drain/well/epi/substrate struc- em areuoftenoroield Ters inlmoder microcircuit technologies. Therefore, Kelvin
ture required to make a p-channel transistor, as contact structures, together with via and con-
well as a drain/epi/substrate structure required tact chains (sect. 3.7 and 3.8) are universally
to make an n-channel transistor. The structures included in process development and yield anal-
should include all threshold adjust, guard band, ysis test chips [52-58].
and -.hannel stop implants.

3.4.3 Special Design Considerations 3.5.2 Description

Since it must be angle lapped for a The Kelvin contact structure is a
spreading resistance measurement to be made, four-terminal device in which two terminals are
the sti'icture should be placed close to the edge used to force current from one layer to another
of the die. Usually a minimum of 20 im is re- through a via or contact opening. The other two
quired to make a good spreading resistance mea- terminals are used to monitor the voltage across
surement, and it is most economical if passes the via or contact.
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Figure 9. Kelvin contact test structure.

3.5.3 Special Design Considerations 3.6 Via Chains for Interconnects

3.6.1 Purpose
The via and contact resistance are a

function of the dimensions of the via or contact. Via chains as shown in figure 10
If different dimensions for the via/contact open- are used to monitor the integrity of metalliza-
ing are allowed in the design rules, structures for tion/interconnect systems.
each dimension should be included.

3.6.2 Description

3.5.4 Applications The via chain is a daisy chain inter-
connect of two different levels of metallization or

Via/contact resistance can add sig- metal and polysilicon. The levels are connected

nificantly to the RC time constants in some by vias. The distance between vias is typically

propagation paths. Also, poor metal coverage determined by minimum design rules.

in vias/contacts may result in reduced burnout
thresholds in high-dose-rate survivability envi- 3.6.3 Special Design Considerations

ronments. Kelvin contacts offer a convenient
method for monitoring via/contact resistance in Contacts to the via chains should be
both hardened process development and hard- brought out to bond pads at intervals of 200 to
ness assurance for established processes. 500 contacts. Typical chain dimensions are at
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least 1000 contacts. Bringing out intermediate 3.7.4 Applications
pad contacts permits the chain to be used even-
if the entire structure does not yield. Metallization/contact sys-

tem integrity is of primary importance for sur-
3.6.4 Applications vivability in very high dose rate environments.

The resistance of the contact/metal system can
also be important for determining propagationMetaliztio sytemintgriy i ofdelay. The contact ch~ii, .'a a convenient struc-

primary importance for survivability in very
high dose rate environments. The resistance of ture for determining the current density requiredthghose a/me seviromes. o rtan r tfor burnout for the metallization/contact systemthe via/m etal system is im po rtan t for treating i ad n d p o e sd vl p e t ti l o u ein hardened process development. It is also use-
rail span collapse. The via chain is a conve- ful for monitoring metallization/contact system
nient structure for determining the current den-
sity required for burnout for the metallization
system in hardened process development. It is
also useful for monitoring metallization system 3.8 Electrothermal Migration Device
resistance variations for hardness assurance.

3.8.1 Purpose

3.7 Contact Chains
The electrothermal migration de-

3.7.1 Purpose vice, as shown in figure 12, is typically used to in-
vestigate reliability issues related to electrother-
mal migration in the metallization system. For

Contact chains as shown in figure 11 radiation effects, the structure is useful in deter-
are used to monitor the integrity and resistance mining the short pulse burnout characteristics
of contacts between interconnect layers and sili- of the metallization. Care must be taken in per-
con implant regions. forming testing on these devices for metallization

quality studies. The designer should carefully
3.7.2 Description review the literature on the application of these

devices [59-61].

The contact chain is a daisy chain in-
terconnect of a conductor level (metal or polysil- 3.8.2 Description
icon) and an implant layer (e.g., source/drain
region). The levels are connected by contacts. The electrothermal migration device
The distance between contacts is typically de- is a minimum line-width metallization run in a
termined by minimum design rules. serpentine pattern. It is typically run over an

orthogonal pattern of other structures to yield a

3.7.3 Special Design Considerations topography of maximum roughness. Each met-
allization layer is brought out to pads so that

Contacts to the contact chains current can be driven through the pattern.

should be brought out to bond pads at intervals
of 200 to 500 contacts. Typical chain dimensions 3.8.3 Special Design Considerations
are at least 1000 contacts. Bringing out interme-
diate pad contacts permits the chain to be used The electrothermal migration struc-
even if the entire structure does not yield. ture should be used in conjunction with
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via/contact chains. By comparing the failure lo- 3.9.4 Applications
cation and failure current density in both struc-
tures, the engineer can determine if bur,. ,:t is If continuity can be established in
determined by the basic metallization or the the structure, then either the epi island is too
vias. If the line width design rule for metal- thick or the implant energies have not been
lization containing vias is larger than minimum set correctly. If the epi island is too thick,
line width metal, the electrothermal migration then retrograde doping in the island to con-
structure should have the same width as the trol back channel leakage may be ineffective. If
via/contact chain, the source/drain implants are too shallow, addi-

tional photocurrent will be collected from under
3.8.4 Applications the source/drain region. Also, the drain capac-

itance will be larger and result in slower propa-
For pulsed burnout testing, the elec- gation delay times.

trothermal migration structures are typically
driven with a constant impedance pulser (e.g.,
50 ohms). The voltage across the device is moni-
tored with a high-impedance voltage probe. The
current can be monitored with a current probe
or a current viewing resistor. Pulse rise time
should be in the range from 1 to 10 ns with du-
rations of 50 to 100 ns.

3.9 Four-Layer Continuity Device

3.9.1 Purpose

The four-layer continuity device, as
shown in figure 13 is used in silicon-on-sapphire
(SOS) and silicon-on-insulator (SOl) technolo-
gies to determine if the source drain implants
have been driven all the way to the sili-
con/insulator interface [62].

3.9.2 Description

The four-layer continuity device is
an epi island with alternating n-plus and p-
plus source/drain implant sections. If continu-
ity can be detected between the source drain
regions with the same polarity as the epi, the
source/drain implants have not been driven all
the way to the silicon/insulator interface.

3.9.3 Special Design Considerations

A structure must be included for
each polarity of the epi island.
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4. GATE OXIDE DEVICES 4.2 Variable-Length Transistors

4.1 Introduction 4.2.1 Purpose

The test structures described in this The variable-length MOS transistors

section are directed toward gate oxide hardness shown in figure 14 are used to determine effective

in MOS technologies. In several cases, variations channel length [65-67].

in width or length have been indicated. For the 4.2.2 Description
examples, a 2 um CMOS technology has been
assumed. The nominal device has been assumed The variable-length transistor struc-
to be 10 pum wide for the N-channel and 15 pm ture consists of a set of four transistors of each
for the P-channel. The designer should substi- polarity with common gates, common sources,
tute the width and length values appropriate for and individual drain pads. If a bulk technology

is being used, a common substrate or well con-
tact is made close to each transistor. All tran-

The gate oxide test structures have sistors have the same channel width. The width
been selected to permit determination of thresh- is selected to be large enough to be unaffected
old voltage shift, mobility degradation, and leak- by narrow channel effects or expected channel
age current as a function of total ionizing dose. width variations. Within those constraints, the
In most cases, threshold voltage shift should be width should be reasonably close to the nominal
separated into components due to oxide trapped value used by circuit designers. Channel lengths
charge and interface state density as a function should range from slightly below the process tar-
of total dose. There are several techniques for get to significantly longer than the target. If
extracting the two components for test structure only one set of transistors is to be made avail-
data. These include: able, then separate contacts should be provided

for gate, source, and drain of each transistor.
1. Analysis of changes in subthreshold I/V

characteristics [63]; 4.2.3 Special Design Considerations

2. Analysis of the transconductance charac- The transistors of each polarity
teristic [64]; should be placed close together to eliminate the

effects of any statistical variations in channel
3. Charge pumping [69]; and length on the die. To evaluate variations across

a die, multiple devices should be included at dif-
4. Capaitanceeas a f ferent locations on the die. The transistor with
of bias and frequency. the channel length less than the technology tar-

get should be placed last in the chain, or its gate
Devices have been included to support each of should branch from the common gate bus. Oth-
these techniques. Designers should select the erwise, an open in the gate poly could disconnect
device(s) appropriate for the measurement tech- all other gates from the pad.
niques used by their laboratory. They may wish
to include devices appropriate for more than 4.2.4 Applications
one method of separating trapped charge and
interface-state effects. This will provide an in- The channel length directly affects
dependent means of verification of results. the drive capability of the transistor through the
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Figure 14. Variable-length transistor test structures.

55



width-to-length ratio. It has an indirect effect 4.3.4 Applications
through short channel effects on threshold volt-
age and saturation current. Thus, the sensitivity The channel width has a direct ef-
of transistor performance to radiation-induced fect on the drive capability of the transistor
mobility and threshold voltage shifts will be af- through the width-to-length ratio. It has an in-
fected by effective channel length. The chan- direct effect through narrow channel effects on
nel length must be known accurately to corre- threshold voltage. Thus, the sensitivity of tran-
late transistor characteristics to macrocell per- sistor performance to radiation-induced mobil-
formance during development. In production, ity and threshold voltage shifts will be affected
effective channel length should be monitored by effective channel width. This is especially
along with radiation-induced parameter shift to the case for designs (e.g., memories) which use
ensure that drive capability remains within the minimum-width devices. In such designs the ef-
design window. fective width must be known accurately to cor-

relate transistor characteristics to macrocell per-
4.3 Variable- Width Transistors formance during development. In production,

4.3.1 Purpose effective channel length should be monitored
along with radiation-induced parameter shift to

The variable-width MOS transistors ensure that drive capability remains within the

shown in figure 15 are used to determine effective design window. In technologies which do not u;e
channel width [681. narrow width devices, the effective width might

not be of interest, and this structure could be
4.3.2 Description eliminated.

This structure consists of a set of 4.4 Charge Pump Transistors
four transistors of each polarity with common
gates, common sources, and individual drain
pads. If a bulk technology is being used, a com- 4.4.1 Purpose

mon substrate or well contact is made close to
each transistor. All transistors have the same The charge pump transistor shown
channel length. The length is selected to be in figure 16 is used to determine interface-state
large enough to be unaffected by short chan- density as a function of total ionizing dose [69-
nel effects or expected channel length variations. 721.
Within those constraints, the length should be
reasonably close to the nominal value used by 4.4.2 Description
circuit designers. Channel widths should range
from the design minimum to a value typical of
input/output (I/O) stages. Charge pump measurements require

independent connections to gate, source, drain,
4.3.3 Special Design Considerations and substrate. These connections should not be

shared with any other device. Best results are
The transistors of each polarity typically achieved with devices that have rel-

should be placed close together to eliminate the atively long, wide channels to ensure that the
effects of any statistical variations in channel mask defined gate area is a good estimate of the
length on the die. To evaluate variations across effective gate area. If minimum gate lengths are
a die, multiple devices should be included at dif- used, short channel effects may cause some am-
ferent locations on the die. biguity in the data analysis.
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Figure 16. Four-terminal transistor test structure for charge pump.
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4.4.3 Special Design Considerations within a 2xN pad array. However, the designer
is cautioned not to place it between two ar-

In insulated substrate technologies, rays because it will be shadowed by the probes
special care must be taken in forming contact and cannot be irradiated by the ARACOR x-ray
to the channel body. The epi island must be tester. The designer may wish to place this tran-
extended beyond the normal source drain region sistor in an array with the multi-edge transistor.
and the gate poly must be widened to protect the
extension from the source/drain implant. The 4.5.4 Application
source/drain implant from the opposite polar-
ity device must be placed in the extended island
material to form an ohmic contact for the body. Source-to-drain edge leakage can be
The designer should work closely with the pro- an important failure mechanism in both bulk
cessing engineer to ensure that a producible de- CMOS and CMOS/SOS or CMOS/SOI. The
sign has been achieved, edge leakage effect is less observable in very wide

devices because it is responsible for a smaller
4.4.4 Applications percentage of the total device current. Thus,

comparison of the I/V characteristics of a very
Charge pumping is one of several wide two-edge transistor with a multi-edge de-

methods which can be used to separate ox- vice of equivalent width can be helpful in deter-
ide trapped charge from interface-state buildup, mining the exact magnitude of the edge leakage
It is especially effective for insulated substrate under different bias conditions.
technologies where back channel and edge leak-
age might make subthreshold techniques difficult 4.6 Tansistor (W=L)
to apply.

4.5 Transistor-Short/Wide (Two-Edge) 4.6.1 Purpose

4.5.1 Purpose The transistors with equal width

and length (as shown in fig. 18, are used to evalu-
The short, wide. two-edge transistor atl surface mobility and threshold voltage with-

as shown in figure 17, is used to minimize edge out complications from short- or narrow-channel
leakage on transistor characteristics 173). effects.

4.5.2 Description 4.6.2 Description

This device is a standard transistor
layout with an extended width (typically at least A standard two-edge layout is used
10x the nominal width). This device may share with the width equal to the length. Typically,
a common gate and source with other transistors channel lengths of 20 pm are sufficient to elimi-
of the same polarity (e.g., variable length and nate short channel effects.
width transistors in 4.2 and 4.3).

4.5.3 Special Design Considerations 4.6.3 Special Design Considerations

Because of its large width the This device may share common gate
short/wide two-edge transistor may not fit well and source connections with other transistors.
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Figure 18. Unity-aspect-ratio, transistor test structure.
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4.6.4 Applications cases, the stress created by metal overlays might
affect the radiation performance of the transis-

The long channel length of this de- tor. Therefore, devices with first- and second-
vice makes it useful in separating surface mo- layer metal overlays are also included in the ar-
bility and threshold voltage changes with total ray. Note that individual pads have been used
dose from short- and narrow-channel effects in- for the source, drain, and gate of each transistor.
cluding avalanche multiplication at the drain.
The threshold voltage and mobility extracted 4.7.4 Applications

from measurements on these devices may be less
ambiguous than on devices with smaller dimen- The results of tests on these devices

sions. are important for correlation of measured tran-
sistor performance with observed circuit oper-

4.7 Nominal Transistor Array ation. Models based on these results should
be made available to circuit designers for use

4.7.1 Purpose in their simulations with computer-aided design
programs such as SPICE.

The nominal transistor array, asThe omial ranistr aray as 4.8 7Yansistors-Orthogonal Orientations
shown in figure 19, is used to evaluate total dose
effects as a function of bias and overlaying met- 4.8.1 Purpose
allization layers.

The orthogonally oriented transis-
4.7.2 Description tors, as shown in figure 20, are used to check

for synmetrical source-to-drain versus drain-to-
This device is an array of transistors source I/V characteristics.

with identical widths and lengths and individual
pads for gate, source, and drain. Dimensions 4.8.2 Description
should be determined by the nominal length and
width used in circuit design. This structure consists of two tran-

sistors of each type (n-channel and p-channel)
4.7.3 Special Design Considerations oriented at 90 degrees to one another.

Enough transistors should be in- 4.8.3 Special Design Considerations
cluded in the array to permit bias conditions to
simulate transistor operation in: These transistors could be part of

the array discussed in section 4.7. Although each

1. an inverter, transistor must have individual source and drain
pads, they could share a common gate.

2. a NAND/NOR gate, and
4.8.4 Applications

3. A transmission gate.

Technologies with short channel
Total dose effects are a strong function of bias, lengths may not exhibit bilateral operation as
and bias conditions for worst-case leakage might a result of the angle used for the source/drain
not be the same as for worst-case threshold volt- implant or etch problems. This can be checked
age shift. Identical devices make comparison by comparing the I/V characteristics of orthog-
much easier for different bias conditions. In some onally oriented transistors.
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Figure 19. Multiple nominal dimension transistor test structures.
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64



4.9 Multi-Edge Transistors 4.10.2 Description

4.9.1 Purpose The edgeless transistor uses a con-
certric design with the drain in the center and

The multi-edge transistors, shown in the source on the outside. Thus, there is no edge
figure 21 are used to emphasize edge leakage in path for source/drain leakage.

comparison to normal source/drain current or
back-channel leakage. 4.10.3 Special Design Considerations

4.9.2 Description The width of the device is ambigu-

ous since the source and drain perimeters are
The multi-edge transistor is a paral- different. A working estimate of the width is

lel connection of several narrow two-edge tran- the perimeter of a line which bisects the chan-
sistors. Typically, at least 20 transistor sections nel. The device usually has relatively long sides
(i.e., 40 edges) are used in the structure. (25 ym) so that corner effects are not significant.

A wide, edgeless device is useful for comparison

4.9.3 Special Design Considerations to the wide two-edge and the multi-edge devices.

The multi-edge transistor should be 4.10.4 Applications
used in conjunction with a two-edge device of
equivalent width, as discussed in paragraph 4.5. Since the edgeless device has no

edge leakage component, it can be used to sepa-
4.9.4 Applications rate back channel leakage effects from edge leak-

age. Therefore, it should be used in conjunction

Source-to-drain edge leakage can be with two-edge and multi-edge devices of equiva-

an important failure mechanism in both bulk lent width.

CMOS and CMOS/SOS or CMOS/SOL. The
edge leakage effect is less observable in very wide 4.11 Transistors with Source/Body Ties
two-edge devices because it is responsibk for a
smaller percentage of the total device current.
Thus, comparison of the I/V characteristics of
a very wide two-edge transistor with a multi-
edge device of equivalent width can be helpful The source/body ties in insulated
in determining the exact magnitude of the edge substrate transistors (see fig. 23) are used to
leakage under different bias conditions. eliminate kink effects (reduction in threshold

voltage and increase in drain current) resulting
4.10 Edgeless Transistors from floating body material in insulated sub-

strate technologies (i.e., SOS and SO). The
source/body ties are also used to eliminate sec-

4.10.1 Purpose ondary photocurrents arising from primary pho-
tocurrent multiplication by the parasitic bipolar

The edgeless transistor, as shown in transistor. This is especially the case in SOI
figure 22, is used to eliminate edge leakage from technologies where the minority carrier lifetime
the transistor I/V characteristics, can be quite high.
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Figure 23. Source/body-tie transistor test structure.
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4.11.2 Description 4.12.2 Description

There are several ways for imple- The minimum-aspect-ratio gate-

menting source/body ties in the different in- oxide capacitor is a simple square structure with

sulated substrate technologies. The designer a polysilicon gate electrode and peripheral con-

should select a method consistent with the pro- tacts to the substrate or well material. Devices

cessing technology, should be made over both substrate and well.

4.11.3 Special Design Considerations 4.12.3 Special Design Considerations

The capacitance value will scale di-
The body of the transistor is a rectly with the area and inversely with the oxide

high-resistivity material. Consequently, it is dif- thickness. The designer should consult with the
ficult to form an ohmic contact while still pre- test engineer to determine the value of capaci-
serving minimum transistor geometries. If the tance required for best test results. Typically, a
source/body tie is made only at one end of the value of 5 pF is sufficient. Because of the small
transistor, there will probably be enough body aspect ratio and the large size, there will be sig-
resistance to debias the other end of the transis- nificant parasitic resistance between the center
tor. of the capacitor and the contact ring for the

lower plate. The resulting RC time constant may
4.11.4 Applications be significant for high-frequency measurements.

The transistor with body tied to 4.12.4 Applications
source is usually included to perform I/V charac-
terization for model parameter extraction. The There are several methods for us-
benefit for increasing dose-rate-upset thresholds ing capacitors as aiagnostic tools for radiation
has to be determined from macrocell character- effects. The designer may wish to consult the
ization. references noted in section 4.12.1 for background

material. Capacitors are especially good tools

4.12 Gate Oxide Capacitor-Minimum for quick turnaround process development runs.

Aspect Ratio They can be made with simple masks and do not
require all the process steps to yield usable de-
vices. However, capacitors cannot simulate all

4.12.1 Purpose the bias conditions encountered by transistors.
Final evaluation of the radiation hardness of a

The gate oxide capacitor, as shown process should be done with transistors.
in figure 24, is used to

4.13 Gate Oxide Capacitor-Large As-

1. determine gate oxide thickness; pect Ratio

2. determine threshold voltage shifts with to- 4.13.1 Purpose
tal dose, and

The large-aspect-ratio gate-oxide
3. Separate interface-state and trapped-oxide capacitor, as shown in figure 25, is used to elim-

charge components of the threshold volt- inate parasitic series resistance from the connec-
age [74-76]. tion to the bottom plate of Uhe capacitor. The
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Figure 24. Gate oxide capacitor with minimum aspect ratio.
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Figure 25. Large- aspect-ratio capacitor test structure.
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device may also act as a depletion mode transis-
tor for profiling the doping concentration in the
body.

4.13.2 Description

The large-aspect-ratio gate-oxide
capacitor may be a serpentine or interdigitated
structure with substrate or well contacts on ei-
ther side of the body. The two contacts are
brought out to separate pads so that the device
can be used as a depletion mode transistor.

4.13.3 Special Design Considerations

The device should have a body
length between the contacts to the lower plate
of 3 to 5 um. The width of the device should be
chosen to give good test results. Typically, 5 pF
is a good target value.

4.13.4 Applications

The large aspect ratio capacitor has
similar applications to the minimum aspect ra-
tio capacitor. The reduced series resistance in
the lower plate improves the accuracy of high-
frequency measurements.
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5. FIELD OXIDE DEVICES 5.2.3 Special Design Considerations

5.1 Introduction The channel length should be the
minimum source/drain spacing for adjacent

The test structures described in this transistors. The device should be relatively
section are directed toward field oxide hardness wide to maximize the drain current amplitude.
in MOS technologies. They are also useful to There may be a design rule for spacing between
parameterizing values for parasitic capacitance source/drain contact openings and polysilicon
between polysilicon or metal I and the silicon interconnect. This rule may be violated for the
substrate or well. These values are needed for test structure to ensure that the gate extends
simulation of propagation delay paths for corre- completely over the field oxide field-effect tran-
lating transistor characteristics to actual circuit sistor (FET) channel. The designer may in-
performance. clude both a device made with the design rule

and one which violates the design rule. Addi-
Potential leakage paths associated tional devices may be included with variations

with field oxides include in source/drain spacing of adjacent transistors
to investigate design rule modification.

1. leakage between devices within the well or
substrate, and 5.2.4 Applications

2. leakage between a device in a well and the These devices are primarily used to
substrate. develop design rules for spacing between adja-

cent transistors. Split lots may be required to
Devices should be included to check both types investigate the effects of channel-stop implant-
of paths if they are appropriate to the technol- concentration as well as spacing on leakage char-
ogy. acteristics.

5.2 Edgeless Field-Oxide Transistors with 5.3 Edgeless Transistors with Metal-1
Poly Gates Gate

5.2.1 Purpose 5.3.1 Purpose

Edgeless field transistors with The edgeless field transistors with
polysilicon gates, as shown in figure 26, are used metal-1 gates, as shown in figure 27, are used
to check for leakage between devices within a to check for leakage between devices within a
well or substrate. well or substrate.

5.2.2 Description 5.3.2 Description

This structure is a typical edgeless This structure is a typical edgeless
transistor as described in section 4.10, with the transistor as described in section 4.10, with the
exception that the channel is under field oxide, exception that the channel is under field oxide,
rather than thin, gate oxide. The source and rather than thin, gate oxide. The source and
drain are the source/drain implants for thin ox- drain are the source/drain implants for thin ox-
ide transistors. The structure simulates leakage ide transistors. The structure simulates leakage
between source and drain of adjacent transistors. between source and drain of adjacent transistors.
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Figure 26. Edgeless poly-gate field-oxide transistor test structure.
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5.3.3 Special Design Considerations must overlay the channel region between the N-
channel source and the P-well edge. The leak-

The channel length should be the age path connects the V.5 and V~j supplies. The
minimum source/drain spacing for adjacent length of the device should be the design rule
transistors. The device should be relatively for N-channel source to P-well spacing. The
wide to maximize the drain current amplitude, width should be the dimension of a typical P-
There may be a design rule for spacing between well. The overlaying gate may be either polysil-
source/drain contact openings and metal-I inter- icon, or metal-1, or a separate structure may be
connect. This rule may be violated for the test included for each interconnect.
structure to ensure that the gate extends com-
pletely over the field oxide FET channel. The 5.4.3 Special Design Considerations
designer may include both a device made with
the design rule and one which violates the de-
sign rule. Additional devices may be included Several of these structures may be
with variations in source/drain spacing of adja- included to select with a variety of spacings be-
cent transistors to investigate design rule modi- tween well and source to establish design rules.
ficati n.

5.4.4 Applications
5.3.4 Applications

Well-to-source leakage paths should
Some technologies do not allow be checked carefully in all technologies, espe-

polysilicon to be used as an interconnect level cially those employing a hardened field oxide
between adjacent transistors. In such cases, any rather than channel stops. These potential leak-
field inversion will take place under metal-1 runs. age paths are connected directly between Vdd
These devices are primarily used to develop de- and V, and can have large areas involved in the
sign rules for spacing between adjacent transis- path.
tors. Split lots may be required to investigate
the effects of channel-stop implant-concentration
as well as spacing on leakage characteristics. lysilicon/Silicon Capacitor with

ltinimum Aspect Ratio

5.4 Two-Edge Transistors with Poly or

Metal-1 Gate 5.5.1 Purpose

5.4.1 Purpose The polysilicon/silicon capacitor

The two-edge transistor shown in with minimum aspect ratio, as shown in figure

figure 28 with poly or metal-i gate is used to in- 29, is used to check field inversion and determine

vestigate leakage between the well and the source parasitic poly-to-silicon capacitance values.

of the transistor fabricated in the substrate.

5.4.2 Description 5.5.2 Description

For a P-well technology, this para- The capacitor is formed between in-
sitic field-oxide MOSFET is formed between the terconnect polysilicon and the well or substrate
substrate and the source of an N-channel tran- material. Top side contacts sho-1,1 be made to
sistor fabricated in the well. The gate material the silicon around the periphery ( he capacitor.
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Figure 28. Field oxide transistor with polysilicon gate.
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5.5.3 Special Design Considerations 5.6.4 Applications

The capacitor should be sized to give Although capacitance techniques

a value of capacitance which can be measured can be used to determine threshold voltage shifts

accurately. Typically, values in the range of 5 in the field oxide, extremely careful measure-

pF are adequate. ments must be made. Usually, field oxide tran-
sistors are better vehicles for radiation effects
investigations. The large aspect ratio capacitor

5.5.4 Applications can aiso be act as a depletion mode FET and

be used to characterize the doping profile of any
Although capacitance techniques surface implant under the field.

car, be used to determine threshold voltage shifts
in the field oxide, extremely careful measure- 5.7 Metal-I/Silicon Capacitor with Mini-
ments must be made. Usually, field oxide tran- mum Aspect Ratio
sistors are better vehicles for radiation effects
investigations. 5.7.1 Purpose

The metal-I/silicon capacitor with
5.6 Poly~ilicon/Silicon Capacitor with minimum aspect ratio, as shown in figure 31,

Large Aspect Ratio is used to check field inversion and deter-

mine parasitic metal-i-to-silicon capacitance
5.6.1 Purpos& values.

The polysilicon/silicon capacitor 5.7.2 Description

with large aspect ratio, as shown in figure 30, The capacitor is a large-area metal-
is used to check field inversion and determine
parasitic poly-to-silicon capacitance values. itpate oer Thi e oxide and wl oub-strate area. Topside substrate contacts should

be placed around the periphery of the capacitor.5.6.2 Description

5.7.3 Special Design Considerations

The capcAiu may be a serpentine
or interdigitated structure formed between in- The capacitor should be sized to give

terconnect polysilicon and the well or substrate a value of capacitance which can be measured ac-

material Top side contacts should be made to curately. The capacitance per unit area of these

the silicon around both edges of the capacitor. devices is quite low because it includes both the

The contacts on each side can be brought out to thick field oxide and the interlevel dielectric be-

independent pads so that the device can be used tween the polysilicon and metal-1.

as a depletion mode FE.t
5.7.4 Applications

5.6.3 Special Design Considerations Although the capacitance technique

can be used to determine threshold voltage shifts
The capacitor should be sized to give in the field oxid., extremely careful measure-

a value of capacitance which can be measured ments must be made. Usually, field oxide tran-
accurately. Typically, values in the range of 5 sistors are better vehicles for radiation effects
pF are adequate. investigations.
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Figure 31. Metal-i silicon capacitor with minimum aspect ratio.
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5.8 Metal-I/Silicon Capacitor with Large
Aspect Ratio

5.8.1 Purpose

The metal-i/silicon capacitor with
large aspect ratio, as shown in figure 32, is used
to check field inversion and determine parasitic
poly-to-silicon capacitance values.

5.8.2 Description

The capacitor may be a serpen-
tine or interdigitated structure formed between
metal-I, the field oxide, and the well or substrate
material. Top side contacts should be made to
the silicon around both edges of the capacitor.
The contacts on each side can be brought out to
independent pads so that the device can be used
as a depletion mode FET.

5.8.3 Special Design Considerations

The capacitor should be sized to give
a value of capacitance which can be measured
accurately. Typically, values in the range of 5
pF are adequate.

5.8.4 Applications

Although capacitance technique can
be used to determine threshold voltage shifts in
the field oxide, extremely careful measurements
must be made. Usually, field oxide transistors
are better vehicles for radiation effects investiga-
tions. The large aspect ratio capacitor can also
be act as a depletion mode FET and be used
to characterize the doping profile of any surface
implant under the field.
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Figure 32. Metal-i silicon capacitor with large aspect ratio.
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6. INTERLEVEL DIELECTRIC DE- 6.3.2 Description
VICES

This capacitor may be a serpentine
6.1 Introduction or interdigitated structure. The two intercon-

nect layers are spaced at the minimum design
Capacitance between interconnect lay- rule for gate to metal-i-to-source/drain contact.ers can be important in determining the load

driven by individual gates. Although the values 6.3.3 Special Design Considerations
of these capacitors do not change with radiation,
they are important in modeling specific propa- The fringing field capacitance be-
gation delay paths. tween the gate poly and the metal-1 contact to

6.2 Capacitors with Interconnect Level source drain may not be important if parallel

Plates runs are not permitted along the length of the
transistor. If that is the case, this structure may

6.2.1 Purpose be omitted.

Capacitors formed between inter- 6.3.4 Applications
connect levels, as shown in figure 33, are used
to measure interlevel capacitance [77]. If the gate poly runs parallel to the

metal-1 contact to the source/drain over the
6.2.2 Description length of the transistor, the fringing field capac-

itance between the two interconnects acts as a
These devices are large parallel plate Miller capacitance. It is multiplied by the gain

capacitors with each layer brought out to a sep- of the gate, and can have a significant impact on
arate pad. the stage propagation delay.

6.2.3 Special Design Considerations

These very large structures may be
eliminated on small test chips.

6.2.4 Applications

Interlevel capacitance may be espe-
cially significant oa technologies such as gate ar-
rays which use long metallization runs for rout-
ing between macrocells.

6.3 Fringing Field Capacitor-Metal-
1/Polysilicon

6.3.1 Purpose

The fringing field capacitor, as
shown in figure 34, is used to determine inter-
level capacitance for layers which are not over-
lapping but are in close proximity.
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Figure 33. Interlevel dielectric capacitor with minimum aspect ratio.
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7. TRENCH STRUCTURES Width of the structures is determined by typical
design dimensions for the isolation regions. If

7.1 Introduction the process permits a trench contact, a pad is
provided for trench bias.

The use of trench isolation is becom-
ing an increasingly popular method for lateral 7.2.3 Special Design Considerations
isolation of devices. The trench is formed by re-
active ion etching into the silicon substrate. A The trench FET's should have sepa-
thermal oxide is grown around the bottom and rate pads for source, drain, and gate. Total dose
sidewalls of the trench. Then it is backfilled with effects in these structures are a strong function of
polysilicon or a deposited glass. The polysilicon bias. Several bias conditions may be evaluated
may or may not be doped. If it is doped, the simultaneously during an irradiation if enough
polysilicon is often connected to a bonding pad independent pads are provided.
and biased. Ionizing radiation causes positive
charge to be trapped in the oxide. This may be 7.2.4 Applications
sufficient to invert the interface along the trench
sidewalls and bottom and cause a leakage path Investigations on some trench tech-
from one isolation area to the next [78-80]. nologies have shown worst-case bias to be

achieved when the isolation region on each side
7.2 Double-Trench FET Array of the trench is biased. This appears to be

of more importance than bias on the top gate.
7.2.1 Purpose Some investigations have shown that worst-case

leakage has occurred when there is no top gate
The double trench FET, as shown included in the structure. Trench isolation is

in figure 35, is used to investigate leakage be- a relatively new technology. The designer may
tween isolation regions for technologies which wish to include a number of variations to help in
use a trench to isolate each active device. This determining design rules.
results in two trenches between each pair of de-
vices. 7.3 Single-Trench FET Array

7.2.2 Description 7.3.1 Purpose

This device consists of two sepa- The single-trench FET, as shown in
rately trenched isolation regions running side by figure 36, is used to investigate leakage between
side. Implants have been made into the isolation isolation regions for technologies which use a sin-
regions so that ohmic contacts can be made. The gle trench for isolation between active devices.
array consists of

7.3.2 Description

1. variations in trench spacing,

2. structures with and without a gate over This device consists of two isolation

the trench region, and regions separated by a single trench. Implants
have been made into the isolation regions so that

3. the location of the substrate contact with ohmic contacts can be made. The array consists
respect to the trench. of structures with and without a gate over the
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Figure 35. Double-trench FET test structure.
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Figure 36. Single-trench FET test structure with and without gate.
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trench region. Width of the structures is deter- region so that ohmic contacts can be made. The
mined by typical design dimensions for the iso- array consists of structures with and without a
lation regions. If the process permits a trench gate over the trench region. Width of the struc-
contact, a pad is provided for trench bias. tures is determined by typical design dimensions

for the isolation regions. If the process permits a
7.3.3 Special Design Considerations trench contact, a pad is provided for trench bias.

The trench FET's should have sepa- 7.4.3 Special Design Considerations
rate pads for source, drain, and gate. Total dose
effects in these structures are a strong function of In this array only one gate pad is
bias. Several bias conditions may be evaluated provided, but separate pads are provided for
simultaneously during an irradiation if enough each isolation region being used as a drain.
independent pads are provided.

7.4.4 Applications
7.3.4 Applications

The use of this array permits evalu-
Investigations on some trench tech- ation of end-to-end leakage and diagonal leakage

nologies have shown worst-case bias to be as well as the long edge leakage evaluated in pre-
achieved when the isolation region on each side vious structures.
of the trench is biased. This appears to be
of more importance than bias on the top gate.
Some investigations have shown that worst-case
leakage has occurred when there is no top gate
included in the structure. Trench isolation is
a relatively new technology. The designer may
wish to include a number of variations to help in
determining design rules.

7.4 7ench Array

7.4.1 Purpose

The trench array as shown in fig-
ure 37 is used to .'nvestigate leakage between
isolation regions located at a variety of angles
and with various amounts of top gate material
extending over the trench region [811.

7.4.2 Description

Depending on the technology, this
device may use either double or single trench-
ing. The intent is to position isolation regions
in an array similar to that expected in a real
design. Implants are placed into each isolation
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8. SOI STRUCTURES 8.2.4 Applications

8.1 Introduction Standard capacitance/voltage mea-
surement techniques can be used to evaluate
threshold voltage changes as a function of total

Silicon-on-insulator (SOI) technology dose.
employs a thin layer of single crystalline silicon
on top of a buried insulator of silicon dioxide. 8.3 SIM Target
Although a relatively new technology, SOI of-
fers great promise for high performance micro- 8.3.1 Purpose
circuits with greatly improved dose rate and sin-
gle event upset rates. If appropriate design rules
are followed, this technology should also elim- the in (scarning i o crrbmatelathup.Howversevral uesionsre-target, as shown in figure 39, is used to charac-

inat lachu. Hwevr, sverl qestonsre-terize the quality of the backside silicon dioxide
main to be answered with respect to total-dose- terize t ay oco
induced sidewall and back channel leakage [821, insulating layer.
[831, [85], [86]. 8.3.2 Description

8.2 Epi/Oxide/Substrate Capacitor The SIM target is a large rectangle
of unimplanted field material. The target should

8.2.1 Purpose be at least 100 mil square.

8.3.3 Special Design Considerations
The epi/oxide/substrate capacitor,

as shown in figure 38, is used to evaluate total A region in the saw kerf may be used
dose effects on the back channel insulating oxide if the kef is not taken up with process control
[841. structures.

8.2.2 Description 8.3.4 Applications

The device consists of an isolation At present, the SIMOX (silicon im-

region with implants to ensure an ohmic contact planted with oxygen) is the most widely used

to metal-1. The die substrate forms the other method for fabricating SOI material. This pro-

plate of the capacitor. cess has historically included a large percentage
of heavy metal contaminants in the insulating
silicon dioxide matrix. These contaminants have

8.2.3 Special Design Considerations an adverse effect on leakage performance both
pre- and post-irradiation. Therefore, SIM tar-

The isolation region must be sized gets have been included on many SOI test wafers
iarge enough to yield a capacitance value large for diagnostics. The SIM procedure is destruc-
enough to measure. Typically, values of approx- tive.
imately 5 pF are sufficient. The area scaling can
be determined once the target thickness of the
insulating oxide has been selected by the pro-
cessing engineer.
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Figure 39. Scanning ion rnicroprobc (SIM) test structure.
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9. RADIATION-SENSITIVE PARA- 9.2.3 Special Design Considerations
SITIC DEVICES

The diode should be separated from
9.1 Introduction any adjacent device or substrate contact by two

diffusion lengths. Since photocurrent is also col-
tec no s bk an e pitai c substrate lected laterally, the measurement should not betechnologies, the response of parasitic substrate cmlctdb aigtosrcue opt

devcesis he rimry etrmiingfacor or p.complicated by having two structures compete
devices is the primary determining factor for up- for the same collection volume. Care should be
set and latchup in dose rate and SEU environ- taken to ensure enough contacts to the drain dif-
ments. The devices discussed in this section may fusion portion of the diode. The packaged de-
be used to determine photocurrent amplitudes vices must have backside contacts to the sub-
as a function of dose rate and to identify design strate. That contact should yield a low contact
rules and hardening procedures. The designer resistance.
should estimate the photocurrent expected from
the test structure [87] and confer with the test
engineer to assure that the signal will be large
enough to measure. This structure will be used to deter-

9.2 Photodiode-Unguarded mine the maximum photocurrent that can be
Drain/Substrate with Minimum As- collected at a drain node. Photocurrent mea-
pect Ratio surements should be made as a function of radia-

tion pulse width in order to determine maximum
9.2.1 Purpose collection volume and to identify the pulse width

scaling factors appropriate for the technology.
The drain/substrate photodiode, as

shown in figure 40, is used to determine maxi- 9.3 Photodiode-Guarded
mum primary photocurrent collection as a func- Drain/Substrate with Minimum As-
tion of dose rate. pect Ratio

9.2.2 Description 9.3.1 Purpose

This photodiode is typically a square
or circular device with dimensions selected to The drain/substrate photodiode, as

yield a measurable photocurrent an order of shown in figure 41, is used to determine primary

magnitude below the expected upset threshold. photocurrent collection as a function of dose rate
For design purposes, assume that the photocur- for a device with a laterally restricted collection

rent is 6.4 pA/cm3/rad(Si)/s per cubic centime- volume.

ter per rad(Si)/s. The collection volume is the
area of the diode times the vertical collection dis- 9.3.2 Description
tance under it. The vertical collection depth is
the depletion layer width plus a diffusion length This photodiode is typically a square
into the bulk material. For epi processes, the or circular device with dimensions selected to
vertical depth is limited to approximately the yield a measurable photocurrent an order of
thickness of the epi material. A photocurrent magnitude below the expected upset threshold.
of 10 mA can usually be measured accurately at The large area center diode is surrounded by a
most simulators if reasonable care is taken in the drain diode ring which is also brought out to a
test fixture design. contact pad. Spacing between the two diodes is
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Figure 40. Minimum-aspect-ratio drain/substrate photodiode with no guardband.
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the minimum separation between adjacent drain 9.4.2 Description
implants. Other spacings may be included for
design rule investigations. Width of the ring This photodiode is typically a rect-
should be at least the minimum width of a drain angular device with the same area as structures
implant. Wider rings may also be investigated. 9.2 and 9.3 but with a much larger aspect ratio.
The dimensions of the inner diode should be This results in a greatly increased periphery and
identical to structure 9.2. emphasizes the lateral photocurrent component.

A factor of 10 increase in periphery in compari-
9.3.3 Special Design Considerations son to structures 9.2 and 9.3 is a reasonable de-

sign goal.
The structure should be separated

from any adjacent device or substrate contact by 9.4.3 Special Design Considerations
two diffusion lengths. Since photocurrent is also
collected laterally, the measurement should not The diode should be separated from
be complicated by having two structures con- any adjacent device or substrate contact by two
pete for the same collection volume. Care should diffusion lengths. Since it will be quite long, the
be taken to ensure enough contacts to both drain structure may be located near the edge of the
diffusion portions of the diode. The packaged die. Care should be taken to ensure enough con-
devices must have backside contacts to the sub- tacts to the drain diffusion portion of the diode.
strate. That contact should yield a low contact The packaged devices must have backside con-
resistance. tacts to the substrate.

9.3.4 Applications 9.4.4 Applications

This structure will be used to sepa- This structure will be used to deter-
rate the lateral component of photocurrent from mine the value of the lateral photocurrent col-
the vertical component. The surrounding ring lected by the diode. The measurements made
will intercept lateral photocurrents and prevent on this structure should be compared with data
them from reaching the inner diode ring. There from devices 9.2 and 9.3 to yield a definitive
is a possibility of parasitic transistor action be- value for lateral collection.
tween the inner diode and the surrounding diode
ring. By biasing the two at different voltage (V.. 9.5 Phototransistor
for one and Vd for the other), the dose rate (Drain/Substrate/Well)
threshold for parasitic transistor action can be
determined. 9.5.1 Purpose

9.4 Photodiode-Unguarded The drain/substrate/well photo-
Drain/Substrate with Large Aspect transistor as shown in figure 43 is used to de-
Ratio termine the effect of lateral parasitic-transistor

action on photocurrent multiplication as a func-
9.4.1 Purpose tion of dose rate.

The drain/substrate photodiode, as 9.5.2 Description
shown in figure 42, is used to emphasize the lat-
eral collection component of primary photocur- This phototransistor is an annular
rent as a function of dose rate. lateral bipolar transistor with dimensions se-
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Figure 42. Large-aspect..ratio drain/substrate photodiode with no guardband.

99



LEGEND
W.ELL - - - CONTACT X X
THIN OXIDE - - - - METAL 1
N-PLUS ---- --- VIA + +
P-PLUS -- -- METAL 2
CHAN'L STOP ----- POLYSILICON - --

WELL CONTACT SOURCE/DRAIN
TERMINAL DIODE TERMINAL]

xx X x x x xx xx_ ..

ixF- x XX5 xxxx Ilxi

LixI

I xxxxxxx 1 X

Lx

Ix IL II
xx

I x I x

I ilX xxxxxxx II>K xj

LIX1

G-UARD R[NI 1IX~l II -i xII

TERMINAL JI x I L-- X I ~ ... - -- - -x X1X

L~x: xxx xxxxx xx x, Ixx

DIELECTRIC 1Z METAL 1

PW-WELL

CHANNEL STOP SUBSTRATE

Figure 43. Drain/substrate/well phototransistor.

100



lected to yield a measurable primary photocur- 9.6 Photodiode-Unguarded
rent an order of magnitude below the expected Well/Substrate with Minimum As-
upset threshold for the technology. The large pect Ratio
area center diode is surrounded by a well diode
ring which is also brought out to a contact pad. 9.6.1 Purpose
Spacing between the two diodes is the minimum
separation between adjacent drain implant and
well. Other spacings may be included for design The well/substrate photodiode as
rule investigations. Width of the ring should be shown in figure 44 is used to determine maxi-
enough to accommodate a well contact and a mum primary photocurrent collection as a func-
minimum geometry transistor. Wider rings may tion of dose rate.
also be investigated. The dimensions of the in-
ner diode should be identical to structure 9.2. 9.6.2 Description

This photodiode is typically a square
9.5.3 Special Design Considerations or circular device with dimensions selected to

yield a measurable photocurrent an order of
magnitude below the expected upset threshold.

This structure need not be separated For design purposes, assume that photocurrent
from adjacent devices by two diffusion lengths. is 6.4 AA/cm/rad(Si)/s per cubic centimeter
The photocurrent of interest is that collected di- per rad(Si)/s. The collection volume is the area
rectly under the structure, which results in a of the diode times the vertical collection distance
voltage drop across the parasitic base resistance. under it. The vertical collection depth is the de-
Multiple phototransistor structures may be in- pletion layer width plus a diffusion length into
cluded with variations in spacing and the use of the bulk material. For epi processes, the vertical
intervening substrate contacts in the region be- depth is limited to approximately the thickness
tween the drain and well. Care should be taken of the epi material below the well. A photocur-
to ensure enough contacts to both the drain dif- rent of 10 mA can usually be measured accu-
fusion (emitter) and the well (collector). The rately at most simulators if reasonable care is
packaged devices must have backside contacts to taken in the test fixture design.
the substrate. That contact should yield a low
contact resistance. 9.6.3 Special Design Considerations

The diode should be separated from

9.5.4 Applications any adjacent device or substrate contact by two

diffusion lengths. Since photocurrent is also col-
lected laterally, the measurement should not be

This structure will be used to eval- complicated by having two structures compete
uate the photoresponse of the lateral parasitic for the same collection volume. Care should be
transistor formed by the drain, substrate, and taken to ensure enough contacts to the well diffu-
well. This is one component of the latchup path sion portion of the diode. The packaged devices
in bulk CMOS. Evaluation of the photoresponse must have backside contacts to the substrate.
may yield insight into techniques for prevention That contact should yield a low contact resis-
of latchup. tance.
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Figure 44. Minimum-aspect-ratio well/substrate photodiode with no guardband.
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9.6.4 Applications collected laterally, the measurement should not
be complicated by having two structures corn-

This structure will be used to deter- pete for the same collection volume. Care should
mine the maximum photocurrent that can be be taken to ensure enough contacts to both well
collected by a well junction. Photocurrent mea- diffusion portions of the diode. The packaged
surements should be made as a function of radia- devices must have backside contacts to the sub-
tion pulse width in order to determine maximum strate. That contact should yield a low contact
collection volume and to identify the pulse width resistance. A similar structure with a drain ring
scaling factors appropriate for the technology, replacing the well ring may also be included on

the test chip to investigate the effectiveness of

9.7 Photodiode---Guarded drain implants in intercepting lateral photocur-
Well/Substrate with Minimum As- rents.

pect Ratio
9.7.4 Applications

9.7.1 Purpose
This structure will be used to sepa-

The well/substrate photodiode as rate the lateral component of photocurrent from
shown in figure 45 is used to determine primary the vertical component. The surrounding ring
photocurrent collection as a function of dose rate will intercept lateral photocurrents and prevent
for a device with a laterally restricted collection them from reaching the inner diode ring. For
volume, structures with surrounding drain rings, there

is a possibility of parasitic transistor action be-

9.7.2 Description tween the inner diode and the surrounding diode
ring. By biasing the two at different voltage (V.

This photodiode is typically a square for one and Vdd for the other), the dose rate

or circular device with dimensions selected to threshold for parasitic transistor action can be

yield a measurable photocurrent an order of determined. Parasitic transistor action is not of
so much interest for the well ring structures sincemagnitude below the expected upset threshold. wlsaeaw edt h aevlae

The large area center diode is surrounded by a y g

well diode ring which is also brought out to a
contact pad. Spacing between the two diodes is 9.8 Photodode-wUnguard gA
the minimum separation between adjacent wells. Well/Substrate with Large Aspect
Other spacings may be included for design rule Ratio
investigations. Width of the ring should be at
least the minimum width of a well with a con- 9.8.1 Purpose
tact and a minimum geometry transistor. Wider
rings may also be investigated. The dimensions The well/substrate photodiode as
of the inner diode should be identical to struc- shown in figure 46 is used to emphasize the lat-
ture 9.6. eral collection component of primary photocur-

rent as a function of dose rate.
9.7.3 Special Design Considerations

9.8.2 Description
The stricture should be separated

from any adjacent device or substrate contact by This photodiode is typically a rect-
two diffusion lengths. Since photocurrent is also angular device with the same area as structures
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Figure 46. Large-aspect-ratio well/substrate photodiode with no guardband.
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9.6 and 9.7 but with a much larger aspect ratio. 9.9.3 Special Design Considerations
This results in a greatly increased periphery and
emphasizes the lateral photocurrent component. Under normal conditions the two
A factor of 10 increas3 in periphery in compari- sides of the interdigitated structure are electri-
son to structures 9.6 and 9.7 is a reasonable de- cally isolated. During a pulse of ionizing ra-
sign goal. diation, the normally insulating substrate be-

comes conductive, and current flows from one

9.8.3 Special Design Considerations side to the other. Typically, these structures
have approximately 10,000 microns of facing sur-
face area. Additional structures may be included

The diode should be separated from with variations in epi island spacing for design
any adjacent device or substrate contact by two rule evaluation.
diffusion lengths. Since it will be quite long, the
structure it may be located near the edge of the 9.9.4 Applicatiors
die. Care should be taken to ensure enough con-
tacts to the well diffusion portion of the diode. During dose rate testing, one side of
The packaged devices must have backside con- the epi structure is connected to Vdd, the other,
tacts to the substrate. to V.8 . Current between the two structures is

monitored with a current viewing resistor or cur-
9.8.4 Applications rent probe. The radiation-induced currents are

quite small, and care must be taken to account

This structure will be used to deter- for noise from air ionization and the package.

mine the value of the lateral photocurrent col-
lected by the well diode. The measurements 9.10 Photoconductivity Structure-Poy-
made on this structure should be compared with to-Poly/nterconnect
data from devices 9.6 and 9.7 to yield a definitive
value for lateral collection. 9.1O.1 Purpose

The photoconductivity structure as
9.9 Photoconductivity Structure-Epi shown in figure 48 is used to determine the

Island to Epi Island radiation-induced conductivity between adja-

cent polysilicon interconnect runs in an SOS
9.9.1 Purpose technology [88].

The photoconductivity structure as 9.10.2 Description

shown in figure 47 is used to determine the
radiation-induced conductivity between adja- This structure consists of interdig-cent epi islands in an SOS technology 188-891. itated polysilicon interconnect with minimum

poly-to-poly spacing. The poly fingers of each
side are connected in parallel and brought out

9.9.2 Description to a bonding pad.

This structure consists of interdigi- 9.10.3 Special Design Considerations
tated epi islands with minimum epi to epi spac-
ing. The epi fingers of each side are connected Under normal conditions the two
in parallel and brought out to a bonding pad. sides of the interdigitated structure are electri-

106



LEGEND
WELL --- CONTACT X X X
THIN OXIDE METAL I
N-PLUS VIA . . .
P-PLUS - - METAL 2 ---......-----------
EPI ON SOS POLYSILICON

TERMINAL 2

x x x x I1x -x .x I X

.1~ . IIi X X if I iii II
x x x x I x x I x 1 I

x X X lX II X
x x x i xi i X l x xiil

if x'if f x~ i x' fxfi x1  if>xji xiS11x x lix II xli x xl
x I x x x I I x I .x il x I Ix 11

x< III x !1 I )II x Jill -> Jill x< Ji l x J l ix 1
hix IfIf x 1f1f x if1f x ifid x 1i1  x 1u1  x 11f x IiI I'  1'  1'  II'  x II ' II x I ' II
Ix I II I I I I I I I I

DIELECTRICIIII CO P IIIN

x x x x x x 'I
x xl x1 x x -x x

1x 11'. x I I x 1! I -x 1 .x 11

. . ... .I X ,, 3,, , < Il_
_x L 1119?*

TERMINAL I

METAL

DIELECTRIC 1 SILICION EPI ISLAND

C' A nlnlt ITmr

Figure 47. Photoconductivity structure for inter-island conduction in SOS.

107



LEGEND
WJELL - -CONTACT XX X
THIN OXIDE - - METAL I
N-PLUS VIA + + +
P-PLUS- - METAL 2 --------------
EPI ON SOJS - - -POLYSILICON - -

TERMINAL 2

X ~jX X I X _ II I r X

II XI) X *X I'llX 11jX Jl I'll~
I X K I j J x I Ijx HII x x x

I x1II x IILXI X II xIii x < II x j ijII
L11 Lx III, Lx III, L J III, x I, X I I I I I,

I x 11 x 11 x 11 x 11 TERMINAL 11

11~ ~ ~ ~MEA IxII IxIIxII I Ix1

DIELECTRIC1 1 POLYx11S 1 x L1 C 11xN

Igur 48 P 11oo1 ucvt sxutr forI xoytopl interconnectI concI on

I X 11 11X X X X Il 108



cally isolated. During a pulse of ionizing ra- side to the other. Typically, these structures
diation, the normally insulating substrate be- have approximately 10,000 microns of facing sur-
comes conductive, and current flows from one face area. Additional structures may be included
side to the other. Typically, these structures with variations in poly-to-epi spacing for design
have approximately 10,000 microns of facing sur- rule evaluation.
face area. Additional structures may be included
with variations in polysilicon line spacing for de- 9.11.4 Applications
sign rule evaluation.

During dose rate testing, the epi
9.10.4 Applications structure is connected to one supply voltage

During dose rate testing, one side of (e.g., Vdd). The poly structure is connected to
curin dosed the other (e.g., V..). Current between the two

the epi structure is connected to V'd, the other, structures is monitored with a current viewing

to V,. Current between the two structures is stor or current iin

monitored with a current viewing resistor or cur- current eqi e al adaomustdbe
rentproe. he rdiaionindced urrntsarecurrents are quite small, and care must be taken

rent probe. The radiation-induced currents are t con o os rmarinzto n h
quit smlland aremus betake toaccuntto account for noise from air ionization and the

quite small, and care must be taken to account pcae

for noise from air ionization and the package.

9.11 Photoconductivity Structure-Poly 9.12 MOS Phototransistor

Interconnect to Epi Island
9.12.1 Purpose

9.11.1 Purpose
The MOS phototransistor as shown

The photoconductivity structure as in figure 50 is used to determine to drain pho-
shown in figure 49 is used to determine the tocurrent in SOI and SOS technologies [88].
radiation-induced conductivity between adja-
cent polysilicon interconnects and epi islands in 9.12.2 Description
an SOS technology.

This device is an extremely wide,
9.11.2 Description multi-edge transistor. Minimum channel length

This structure consists of interdig- should be used.

itated polysilicon interconnect and epi islands
with minimum poly to epi spacing. The poly 9.12.3 Special Design Considerations
fingers of one side are connected in parallel and
brought out to a bonding pad. The epi fingers SOS and SOI technologies are

on the other side are connected in parallel and attractive for radiation-hardened applications

brought out to a separate pad. because their insulating substrates preclude
latchup, and their small charge collection vol-

9.11.3 Special Design Considerations umes result in high upset thresholds for dose
rate and SEU environments [90]. However, they

Under normal conditions the two do exhibit some photoresponse, and this struc-
sides of the interdigitated structure are electri- ture is designed to determine the values to be
cally isolated. During a pulse of ionizing ra- used for analyses. It must be used in conjunc-
diation, the normally insulating substrate be- tion with other structures to separate the dif-
comes conductive, and current flows from one ferent components of the photoresponse. These
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components include substrate currents, gate cur- body can be quite high. This gives rise to a
rents, and junction photocurrents. In sapphire, parasitic bipolar transistor with the drain act-
the substrate becomes photoconductive during ing as the collector, the body acting as the base,
irradiation. Structures in section 9.9 through and the source acting as the emitter. The pri-
9.11 were designed to measure the photoconduc- mary photocurrent from the drain to the body
tivity as a function of dose rate. In technologies can raise the body voltage with respect to the
which use silicon dioxide as the substrate dielec- source (emitter) enough to forward bias it and
tric (e.g., SIMOX), the electron current through produce secondary photocurrent [90]. The body
the insulator can contribute a significant fraction tie to the source is provided to prevent the body-
of the total photoresponse. This current can be to-source voltage from exceeding the Vbeon of the
estimated from the following equation [88]: parasitic transistor. The number of body ties

required is typically determined by including a
I = qGozt 0zAo 2R (1) number of these devices with different widths be-

where tween the body-to-source contacts.
q = electronic charge(1 x 10-19

coulombs/electron) In SOS technologies, the minority
Gox = electron generation rate in silicon carrier lifetime in the body is usually very short

dioxide = 1 x 1013 (unless solid phase epitaxy or a similar process
e/rad(Si)/s/cm - 3  has been used to improve silicon quality). There-

tox = oxide thickness fore, body ties are usually not required to pre-
Ao = area of the oxide vent secondary photocurrents. (Body ties in
R = dose rate(rad(Si)/s) SOS may be desirable in some instances to pre-

vent self biasing of the body from modulating
The experimental value of the sil- the threshold voltage.)

icon dioxide substrate insulator is typically de-
termined with a capacitor structure such as the 9.12.4 Applications
one described in Section 8.2.

The photoresponse of this structure
Electron current through the gate will typically be measured at very high dose

dielectric can also contribute to the photore- rates. Precautions will be required to reduce
sponse. It can also be estimated from the above niet h oetpsil ees

equation. Measured values are determined from noise to the lowest possible levels.

gate oxide capacitor structures such as those in
Section 4.12. 9.13 SCR Path with Maximum Collection

Efficiency

The phototransistor structure in
this section is subject to ionizing radiation in- 9.13.1 Purpose
duced currents in both the substrate and gate
oxides as well as junction photocurrents. The The SCR path structure as shown
gate and substrate currents must be subtracted in figure 51 is used to determine the latchup
from the total response in order to determine the holding voltage and holding current in CMOS
junction currents. The structure illustrated in technologies. Latchup is an important issue in
the figure is from a SIMOX technology. Conse- both commercial and radiation hardened micro-
quently, it is shown with a connection between circuit technologies. Therefore, designers should
the source and the body of the transistor. In review several references before completing the
SIMOX, the lifetime of minority carriers in the test structures for their process [91-102].
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9.13.2 Description Results of tests on this structure should be con-
sidered along with those from device 9.14 in a

The latch path simulated involves a careful analysis of latchup potential. The design

source (in well), well, substrate, and source (in of the microcircuit will have to employ the same

substrate). The structure is designed to max- design rules for junction spacing and location of

imize the amount of junction area involved in substrate and well contacts if the test structures

the latch path. Typically, the junction regions are to truly reflect its latchup susceptibility.

involved in the latch are at least 25 pm wide.
The device should be wide enough to establish 9.14 Path with Maximum Anode and

essentially two-dimensional current flow. Con- Cathode Gate Resistance

tacts are provided to the well and substrate. The
minimum design rule should be used to deter- 9.14.1 Purpose

mine all spacings. A poly field plate has been in-
cluded over the latch path to evaluate the effects The SCR path structure as shown

of vertical field on latchup initiation or holding in figure 52 is used to determine the latchup

characteristics. If guardbands are used in the holding voltage and holding current in CMOS

technology, they should be included in the struc- technologies.

ture. An array of structures may be required to
investigate the impact of spacing variations for 9.14.2 Description

drain-to-well, contact-to-latch path, guard ring-
to-well, and guard ring contact-to-latch path. The latch path simulated involves a

source (in well), well, substrate, and source (in

9.13.3 Special Design Considerations substrate). The structure is designed to max-
imize the resistance between the well and sub-
strate contacts (i.e., anode and cathode gate

Two substrate contacts have been resistance) and the latch path. The structure
included on either side of the structure so that shown in the figure was taken for an inverter de-
an aiding electric field can be established across sign. It uses minimum length N-channel and P-
the latch region [101]. channel transistors placed end-to-end. The sub-

strate and well contacts are placed at the ex-
9.13.4 Application treme ends of the structure. An additional sub-

strate contact has been placed to one side near
For latchup to occur and be sus- the location of the latch path. It is used in gain

tained in a device the gain product of the para- measurements for the parasitic transistors in the
sitic transistors involved in the latch path must latch path, but it is left floating in the holding
be greater than unity. Also, the parasitic re- voltage and current measurements. This device
sistances associated with the anode and cath- is narrow enough so that three-dimensional cur-
ode gates must be sufficiently large to permit a rent flow is important. If there are other de-
Vbeon drop across them at the currents associated vice orientations in either the internal design or
with the holding point. This device is designed the I/O of the microcircuit that would provide
to maximize the gain of the parasitic transis- a more likely latch path, they should be used
tors, but it will minimize the shunt resistances. as the basis for designing this structure. The
Thus, the failure of this structure to latch (or to minimum design rule should be used to deter-
have a holding voltage greater than the supply mine all spacings. A poly field plate has been in-
voltage) is a necessary but not sufficient condi- cluded over the latch path to evaluate the effects
tion for latchup-free operation in a microcircuit. of vertical field on latchup initiation or holding
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characteristics. If guardbands are used in the sustaining voltage for the snapback conduc-
technology, they should be included in the struc- tion mechanism. Snapback is a three-layer,
ture. An array of structures may be required to regenerative breakdown mode in MOS devices
investigate the impact of spacing variations for [103]. Output drivers are especially susceptible
drain-to-well, contact-to-latch path, guard ring- to snapback breakdown.
to-well, and guard ring contact-to-latch path.

9.15.2 Description
9.14.3 Special Design Considerations

This test structure is a large N-
Two substrate contacts have been channel transistor similar to those found in out-

included on either side of the structure so that put drivers of the microcircuit. The transistor is
an aiding electric field can be established across oriented so that if avalanche breakdown occurs
the latch region. at the drain, the maximum amount of avalanche

current will flow under the source and out of the
9.14.4 Application topside substrate contact. Spacings are based on

minimum N-channel transistor gate lengths and

In order for latchup to occur and a variety of distances to the topside substrate

be sustained in a device, the gain product of the contact.

parasitic transistors involved in the latch path
must be greater than unity. Also, the parasitic 9.15.3 Special Design Considerations
resistances associated with the anode and cath-
ode gates must be sufficiently large to permit a Initiating and sustaining the snap-
Vb,,, drop across them at the currents associ- back conduction mechanism require a combina-
ated with the holding point. This device is de- tion of both MOS and bipolar transistor action.
signed to maximize the resistance in the anode The MOS transistor must be oriented so that
and cathode gates, but it may minimize the gain the avalanching drain current flows under the
of the parasitic transistors. Thus, the failure of source. This permits the source to be turned
this structure to latch (or to have a holding volt- on and act as the emitter of a parasitic bipolar
age greater than the supply voltage) is a neces- transistor. Any design which tends to enhance
sary but not sufficient condition for latchup-free parasitic bipolar transistor performance or in-
operation in a microcircuit. Results of tests on crease the parasitic base resistance will increase
this structure should be considered along with the likelihood of snapback. Location and sizing
those from device 9.13 in a careful analysis of of substrate contact structures should be consis-
latchup potential. The design of the microcir- tent with design rules which are checked for the
cuit will have to employ the same design rules technology.
for junction spacing and location of substrate
and well contacts if the test structures are to 9.15.4 Applications
truly reflect its latchup susceptibility.

The snapback structure is typically
9.15 N-Channel Snapback Test Structure tested by avalanching the drain and recording

the drain current versus drain voltage I/V char-
9.15.1 Purpose acteristic. If the snapback characteristic is cut

by the load line represented by the P-channel de-
The snapback test structure as vice, the transistor is likely to experience snap-

shown in figure 53 is used to determine the back.
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9.16 Substrate Spreading Resistance 9.17 Well Spreading-Resistance Structure
Structure

9.17.1 Purpose

9.16.1 Purpose The well spreading resistance struc-

ture as shown in figure 55 is used to determine
The substrate spreading resistance the value of lateral spreading resistance for de-

structure as shown in figure 54 is used to deter- vices fabricated in the well.
mine the value of vertical and lateral spreading
resistance for devicps fabricated in the substrate 9.17.2 Description
material.

The structure consists of a series of

9.16.2 Description well contact structures and diodes of various di-
mensions. There are two long well contact struc-

The st:'ucture consists of a series of tures (typically 100 pm) located in the center,
substrate contact structures and diodes of var- with minimum spacing between them. A third

ious dimensions. There are two long substrate long well contact structure is 200 pm away. Mid-

contact structures (typically 100 pm) located way between the structures, there is a minimum

in the center, with minimum spacing between geometry well contact. On one end of the struc-

them. A third long substrate contact structure ture is a 4x well contact. On the other end there

is located 200 pm away. Midway between the is a minimum geometry draini-to-well diode.

structures, there is a minimum geometry sub-
strate contact. On one end of the structure
there is a 4x substrate contact. On the other Any channel stops or other im-
end, there is a minimum-geometry buried layer- plants which may intervene between well con-
to-substrate diode. tacts should be included in one section of this

device between the minimum well contact and
9.16.3 Special Design Considerations the long narrow-well contact.

Any buried layers, wells, or im- 9.17.4 Applications
plants which might intervene between substrate
contacts should be included in one section of this By making measurements among

device between the minimum substrate contact the contact structures and diodes, the test en-

and the long narrow contact. gineer can determine the lateral spreading resis-
tance as a function of geometry (i.e., point con-

9.16.4 Applications tact or line contact), carrier type (majority or
minority), and spacing between contacts. The

By making measurements between well spreading resistance is important both for

the contact structures and diodes, the test en- latchup and photoresponse analyses.

gineer can determine the lateral and vertical 9.18 SEU Charge Collection Array
spreading resistance as a function of geometry
(i.e., point contact or line contact), carrier type 9.18.1 Purpose
(majority or minority), and spacing between
contacts. The substrate spreading resistance is The SEU charge collection array as
important both for latchup and photoresponse shown in figure 56 is used for measuring wave-
analyses. shape and amplitude of heavy ion strikes [104].
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9.18.2 Description

This is an array of devices located
around the periphery of a large reference diode.
The large diode is included as a reference point
for a collimated ion beam. The diode can be
easily located by moving the ion beam across
the center of the die. Once the large diode is
found, all other structures can be located from
it. The remaining structures represent either
complete devices or combinations of device lay-
ers found in the technology. For example, the
structure for a bipolar technology used as an ex-
ample in the figure includes a buried layer sub-
strate diode, a base/epi/buried layer/substrate
structure, a complete transistor, etc. In some
sections of the array, a series of identical struc-
tures with minimum spacing has been included
to investigate charge sharing between adjacent
structures in the case of an oblique strike.

9.18.3 Special Design Considerations

Device dimensions on this test
structure should be representative of the size of
devices used in microcircuit designs. Bonding
pads should be provided for all device terminals.

9.18.4 Applications

Waveshape and amplitude mea-
surements for individual heavy ion strikes re-
quire careful experimental techniques. If chip
amplifiers can be fabricated in the technology,
the structures may be combined with amplifier
circuits to drive the instrumentation. These am-
plifiers require careful design [1041.
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10. BIPOLAR TRANSISTORS 10.2.3 Special Design Considerations

10.1 Introduction Since a large number of transistors
are likely to be in the library, a 2 x N pad array is

This section is directed toward bipo- probably the most efficient way to include all of
lar technologies and transistor structures used them on the test chip. A representative of each
in microcircuit design. Bipolar transistor char- type of layout should be located on the periphery
acteristics are strongly affected by their layout. of the test chip so they can be bonded out in a
The test chip should contain representatives of package for radiation testing.

all the layout orientations expected to be used
by designers. In general, the base and collector 10.2.4 Applications
of the test transistor should be brought out to
separate pads. Several emitters may be tied to- Representatives of each layout
gether and brought out to a single pad. A good type should be included in neutron and total
topside contact to the substrate should be in- ionizing dose tests. Complete pretest and post-
cluded near each transistor. test I/V characteristics should be measured and

used to develop circuit simulation models for use

10.2 Transistor Library Samples by the designers. Careful consideration should
be given to the bias conditions during radiation
for each type of device. Emitter current den-10.2.1 Purpose sity and collector voltage have a strong impact

on the radiation performance of bipolar transis-
The representatives from the tran- tors. Bias conditions should be selected which

sistor cell library are used to evaluate radiation are similar to those used in the application of
effects on the different transistor geometries used each device type. For best neutron hardness,
by designers in developing a microcircuit func- transistors should typically operate at current
tion [105]. Figure 57 illustrates the layout of a densities near the peak in their gain versus col-
few transistors from such a library. lector current characteristic (i. e., peak beta).

10.2.2 Description 10.3 Transistor with Nested Emitter

Most bipolar designs are devel- 10.3.1 Purpose
oped from a library of transistors with differ-
ent layouts to provide different DC and AC The transistor with a nested emit-
performance characteristics. Layout variations ter as shown in figure 58 is used to reduce
include different types of collector structures collector-to-emitter leakage effects from total
(single contact, horseshoe contact, etc), vari- dose testing.
eties of emitter geometries (single stripe, mul-
tiple stripe, interdigitated, rectangular, round, 10.3.2 Description
walled, nested, etc), different base designs
(Schottky clamped, unclamped, etc), different Designers should use transistor
sequences of contacts (collector/base/emitter layouts typical of those to be used in the cir-
versus collector/emitter/base), and several sim- cuit. The emitter is laid out so that the emit-
ilar layouts with different scale factors (2x, 3x, ter diffusion does not intercept the sidewall of
4x, etc). As many of these types of structures the transistor. The emitter is completely sur-
as possible should be included on the test chip. rounded (nested) by the base implant.
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Figure 58. Nested emitter transistor.
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10.3.3 Special Design Considerations 10.4.3 Special Design Considerations

Even if the process typically uses Even if the process typically uses
walled emitters, a nested emitter structure nested emitters, a walled emitter structure
should be included so that total-dose-induced should be included so that the magnitude of
collector-to-emitter leakage can be separated total-dose-induced collector-to-emitter leakage
from increases in base recombination current. can be identified if walled emitters are contem-
This will also indicate the benefits to be gained plated in future designs.
from modifying the designs to use only nested
emitters. An array of these devices may be 10.4.4 Applications
desirable to determine the required emitter-to-
sidewall design rule. In technologies using recessed field

oxides or trenches for lateral isolation, charge
10.3.4 Applications can be trapped in the oxide along the side of the

base. The base may then become inverted along
In technologies using recessed field the sidewall. If the emitter is walled against the

oxides or trenches for lateral isolation, charge sidewall, a channel will be formed between the
can be trapped in the oxide along the side of the emitter and collector, and there will be a large
base. The base may then become inverted along increase in leakage current.
the sidewall. If the emitter is walled against the
sidewall, a channel will be formed between the 10.5 Transistors with Base/Emitter Con-
emitter and collector, and there will be a large tact Swap
increase in leakage current. Since the emitter
tends to diffuse out toward the sidewall even in
nested emitters, these structures will be required 10.5.1 Purpose

to determine the spacing between the emitter cut
and the sidewall. The transistors with different se-

quences of collector, base, and emitter contacts

10.4 Transistor with Walled Emitter as shown in figure 60 are used to determine if the
positioning of the base contact has a significant

10.4.1 Purpose effect on the post-irradiation I/V characteristics.

The transistor with a walled emit- 10.5.2 Description

ter as shown in figure 59 is used to evaluate
collector-to-emitter leakage arising from total This structure consists of these
dose testing. transistors from the library which may have the

order of their collector, base, and emitter con-

10.4.2 Description tacts interchanged by the designer in order to
facilitate interconnect routing. The devices are

Designers should use transistor identical except for the order of their contacts.

layouts typical of those to be used in the cir-
cuit. The emitter is laid out so that the emitter 10.5.3 Special Design Considerations
diffusion overlaps the sidewall of the transistor.
The dimension of the resistor is determined by There are no special design con-
the wall of the isolation region. siderations.
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Figure 59. Transistor with walled emitter.
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10.5.4 Applications 10.6.4 Applications

Changing the order of the termi- In many bipolar designs for ana-

nal contacts affects the current density in differ- log applications, transistor parameter match-

ent portions of the transistor. In general, the ing after irradiation is extremely important for

emitter current tends to crowd toward the edge maintaining circuit performance. This matching

closest to the base contact. The local change must be checked on adjacent transistors. Bias

in current density may cause differences in the during irradiation should reflect the expected

total dose response of otherwise identical tran- differences in current density for the two sides of

sistors. This may be particularly important in a differential pair for circuit applications. Typi-

designs which require transistor characteristics cally both gain matching and Vie matching as

to be closely matched. a function of collector current are especially im-
portant parameters to be monitored.

10.6 Differential Pair TYansistors with 10.7 Simple Differential Amplifier
Individual Terminals

10.7.1 Purpose

10.6.1 Purpose

The simple differential amplifier,
The differential pair transistors as shown in figure 62, is used to monitor offset

with individual terminals, as shown in figure 61, current and voltage and common mode rejection
are used to monitor parameter matching in dif- ratio as a function of total dose and neutron flu-
ferential pairs after neutron or total dose irradi- ence.
ation.

10.7.2 Description

10.6.2 Description
This structure consists of three

transistors configured as a differential pair with
Thestrctue cnsits f tanss-their emitters connected to a constant current

tors from the library which are available for use ource

as differential pairs. They are spaced at the min- source.

imum design rule for adjacent transistors. Indi-
vidual pads are provided for emitter, base, and 10.7.3 Special Design Considerations
collector terminals.

Transistors for the differential pair
should be the same size as those used in device

10.6.3 Special Design Considerations 10.6. The constant current source should be the

library device typically used by the designers for
Multiple sets of differential pairs that application.

may be placed at different locations on the test
chip die to determine how parameter matching 10.7.4 Applications
varies with die position.

The simple differential amplifier is
Some of the pairs should be placed included so that offsets and rejection ratio can

orthogonally to check for any misalignment ef- be measured simultaneously with transistor pa-
fects on parameter matching. rameters. Comparison of computer predictions
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Figuie 61. Bipolar transistor differential pair.
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Figure 62. Bipolar transistor differential amplifier.
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of offsets and rejection ratios with measured val-
ues can indicate the accuracy of the computer
models.
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11. BIPOLAR DIODES 11.2.4 Applications

11.1 Introduction The emitter-base junction diode is
often used as a Zener reference in analog bipolar

The test structures described in this designs. Variations in the reference voltage with
Thetes stuctre decried n tisradiation should be measured and included in

section include both intentional diodes included tedign mod Te forwad ichrceri

as part of the design library and parasitic diodes

which are important in determining the photore- istics of other diode types are of greater interest.

sponse of the microcircuit. The effects of total
ionizing dose and neutrons on the I/V character- 11.3 Buried Zener

istics of the intentional diodes should be included
in the computer-aided design models available to 11.3.1 Purpose

designers. The parasitic diodes will be used pri-
marily to determine photocurrent as a function The buried Zener structure as
of dose rate and device geometry [106]. Struc- shown in figure 64 is used to monitor the change
tures have been included to emphasize both the in its reference voltage as a function of neutron
vertical and lateral components of the photocur- fluence and total ionizing dose.
rent. The vertical component is collected di-
rectly under the device. The lateral component 11.3.2 Description
is collected from adjacent areas.

This structure is the buried Zener

11.2 Diode-Connected Transistors reference diode available to the designer from the
library. Dimensions should be selected to reflect
those typically used in designs.

11.2.1 Purpose

11.3.3 Special Design Considerations
The diode-connected transistors,

as shown in figure 63, are included to deter- Multiple buried Zeners with dif-
mine the post-irradiation I/V characteristics of ferent areas may be included to permit evalua-
transistors from the device library connected as tion of both current and current density effects
diodes. on post-irradiation performance.

11.2.2 Description 11.3.4 Applications

These 3tructures are transistors The buried Zener is used as the
from the design library which have been con- primary reference voltage in many bipolar ana-
nected as diodes. Their I/V characteristics vary log designs. A thorough characterization of the

depending on the terminals connected or the ir- change in reference voltage with radiation is an

plants which may have been eliminated, important part of the information required for
a hardened design. Care must be taken to en-
sure that temperature is precisely controlled to

11.2.3 Special Design Considerations be the same for both pre-irradiation and post-
irradiation characterization. Otherwise, temper-

There are no special design con- ature effects may be confused with the effects of
siderations. radiation damage.
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Figure 64. Buried Zener diode test structure.
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11.4 Schottky Without Guard Ring 11.5 Schottky with Guard Ring

11.4.1 Purpose 11.5.1 Purpose

The Schottky diode without a The Schottky diode with a guard
guard ring, as shown in figure 65, is used to eval- ring, as shown in figure 66, is used to evaluate
uate post-irradiation leakage current increase, post-irradiation leakage current increase.

11.4.2 Description 11.5.2 Description

This is a large-area Schottky bar- This is a large-area Schottky-
rier diode with an aspect ratio similar to that barrier diode employing a guard ring with an
used in design applications. The area is selected aspect ratio similar to that used in design ap-
to produce a measurable photocurrent at the ex- plications. The area is selected to produce a
pected upset threshold. measurable photocurrent at the expected upset

11.4.3 Special Design Considerations threshold.

The overlap of the metallization 11.5.3 Special Design Considerations

over the contact cut should be the minimum al-
lowed by the design rule. This structure should be used in

conjunction with device 11.4 to determine the
11.4.4 Applications improvement in post-irradiation leakage current

afforded by using a guard ring for the Schottky
Schottky-barrier diodes, which diode.

are used as collector/base clamps in Schottky
transistor transistor logic (TTL) technologies 11.5.4 Applications
and as collector coupling devices in Schottky in-
tegrated injection logic, have a tendency toward Schottky-barrier diodes, which
large reverse leakages and reduced reverse break- are used as collector/base clamps in Schottky
down voltages. These arise from the high electric TTL technologies and as collectoi coupling de-
fields at the device edges due to the curvature of vices in Schottky integrated injection logic, have
the depletion layer. These regions of sharp cur- a tendency toward large reverse leakages and re-
vature can be eliminated by a guard ring implant duced reverse breakdown voltages. These arise
or by use of a field plate. However, both tech- from the high electric fields at the device edges
niques require additional area. Total dose irra- due to the curvature of the depletion layer.
diation may result in even more sharply curved These regions of sharp curvature can be elim-
depletion regions by contributing to accumula- inated by a guard ring implant or by use of a
tion at the N-region surface and making it ap- field plate. However, both techniques require
pear more heavily doped. Therefore, the post- additional area. Total dose irradiation may re-
irradiation leakage current should be evaluated sult in even more sharply curved depletion re-
for this technology and provided as a parameter gions by contributing to accumulation at the N-
to designers. Likewise, the primary photocur- region surface and making it appear more heav-
rent scaling factor for the Schottky diodes is a ily doped. Therefore, the post-irradiation leak-
necessary design parameter. Usually, the collec- age current should be evaluated for this technol-
tion volume of the Schottky diode is limited by ogy and provided as a parameter to the design-
the dimensions of the epi tub which contains it. ers. Likewise, the primary photocurrent scaling
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Figure 65. Schottky diode without guard ring.
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Figure 66. Schottkcy diode with guard ring.
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factor for the Schottky diodes is a necessary de- its axis coincident with the transistor edge and
sign parameter. Usually, the collection volume of its radius equal to the diffusion length.
the Schottky diode is limited by the dimensions
of the epi tub which contains it. The collection In other technologies, the sub-
volume may be increased by including the guard strate structure may employ a low-resistivity,
ring implants since they extend the depth of the short-lifetime substrate with a high-resistivity,
device and will probably be more efficient collec- long-lifetime epi. In thcse cases, the vertical col-
tors of lateral photocurrents. lection volume will be mostly confined to the epi

region under the buried layer. The lateral col-
11.6 Photodiode-Buried lection volume will be a parallelopiped with a

Layer/Substrate, No Guardband, width equal to the device edge dimension, length
and Minimum Aspect Ratio equal to a diffusion length in the epi material,

and thickness equal to the epi layer thickness.
11.6.1 Purpose

Thus, the test chip designer must
The buried layer/substrate diode consider the vertical structure of the technology

as shown in figure 67 is used to determine the when sizing the photodiode. A conservative de-
maximum primary photocurrent as a function sign approach is to consider only the vertical
of dose rate [87]. collection volume and size the diode so that a

measurable photocurrent is available from the
11.6.2 Description vertical component only. A photocurrent of 10

mA can usually be measured accurately in most
This photodiode is typically a simulators if reasonable care is taken in the test

square or circular device with dimensions se- fixture design.
lected to yield a measurable photocurrent an
order of magnitude below the expected upset 11.6.3 Special Design Considerations
threshold. For design purposes, assume that the
photocurrent is 6.4 microamps per cubic cen- The diode should be separated
timeter per rad(Si)/s. The collection volume in- from any adjacent device or substrate contact
cludes both the material directly under the diode by two diffusion lengths. Since photocurrent is
(vertical collection volume) and a portion of the also collected laterally, the measurement should
material surrounding the diode (lateral collec- not be complicated by having two structures
tion volume). The vertical collection volume is compete for the same collection volume. In epi
the area of the diode times the vertical collec- technologies, the diffusion length in the high-
tion distance under it. The vertical collection resistivity epi region is longer than the low-
depth is the depletion layer width plus a diffu- resistivity substrate. The epi diffusion length
sion length into the bulk material. Many bipolar (typically 50 to 100 pm) should be used in de-
processes use a low-resistivity buried layer un- termining separation between adjacent devices.
der the collector to reduce collector resistance. Care should be taken in providing a good contact
This buried layer is often contained in a high- to the buried layer. If a collector sinker implant
resistivity substrate (e.g., 1 x 10i1 cm- 3 ) which (i.e., a low resistivity, deep implant providing
may have a long minority carrier lifetime (1 to contact to an N-plus buried layer) is available in
2 ps). Thus, the vertical collection volume can the technology, the diode area should be filled
be quite large, extending 60 to 80 pm into the with sinker. A large number of contacts should
substrate. The lateral collection volume for each also be provided for the cathode contact. The
diode edge will consist of a quarter cylinder with packaged devices must have a backside contact
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Figure 67. Buried layer/substrate photodiode with mainimum aspect ratio and no guardband.
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to the substrate. That contact should yield a 11.7.4 Applications
low contact resistance.

This device will be used to deter-
11.6.4 Applications mine the value of the lateral photocurrent col-

lected by the buried layer. The data taken with
This structure will be used to de- this device should be compared with that taken

termine the maximum photocurrent that can be with device 11.6 to determine the amount of pho-
collected at a node. In bipolar technologies, the tocurrent due to lateral collection.
collector node photocurrents often dominate the
photoresponse of the circuits because of the large 11.8 Photodiode-Buried-
collector/substrate area and the long lifetime in Layer/Substrate with Guardband
the substrate. Therefore, the amplitude and of Minimum Width and Spacing
waveshape of this photocurrent must be mea-
sured carefully. The interactions with adjacent 11.8.1 Purpose
devices and with surrounding guardbands can
also be quite important. These are addressed in The buried layer/substrate diode
the following structures. with minimum dimension guardband as shown

in figure 69 is used to evaluate the effectiveness of
11.7 Photodiode-Buried- the guardband for intercepting the lateral com-

Layer/Substrate, No Guardband, ponent of the primary photocurrent.
and Large Aspect Ratio

11.8.2 Description

11.7.1 Purpose
This structure consists of an inte-

The buried-layer/substrate, large- rior diode with the same dimensions as device
aspect-ratio diode, as shown in figure 68, is used 11.6. It is enclosed by a buried layer ring. It
to emphasize the lateral collection component of is conceptually similar to an input clamp diode
primary photocurrent as a function of dose rate. with a surrounding guardband which is used to

suppress ringing in many bipolar technologies.
11.7.2 Description Attention should be given to providing enough

contacts to both the interior diode and the sur-
This diode is typically a rectan- rounding guardband. The guardband should be

gular device with the same area as device 11.6 strapped with metal. Only the backside sub-
but with a much larger aspect ratio. As with de- strate contact is used. Connections to the ;nte-
vice 11.6, a collector sinker implant should be in- rior diode and the guardband should be brought
cluded to make good contact to the buried layer out to separate pads.
along its entire length. Several contacts should
be made to the cathode along the entire length. 11.8.3 Special Design Considerations

11.7.3 Special Design Considerations The structure should be separated
from the nearest device by two diffusion lengths.

Since the device will be quite long,
it might be located near the edge of the die. It 11.8.4 Applications
should be separated by one diffusion length from
the edge and by two diffusion lengths from the This device can be used to help
nearest device or substrate contact. separate the lateral photocurrent collection from
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Figure 68. Buried-layer/substrate photodiode with large aspect ratio and no guardband.
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the vertical collection. The surrounding buried 11.9.3 Special Design Considerations
layer ring is usually effective in collecting the
lateral component of the photo-urrent, and thus This device can be placed adjacent
preventing it from reaching the interior diode. to other test structures. It does not require sep-
Comparison of the response of this structure to aration of two diffusion lengths from its nearest
the devices described in 11.6 and 11.7 can be par- neighbor.
ticularly helpful in separating the vertical and
lateral photocurrent components. Note that this 11.9.4 Applications
structure may also exhibit secondary photocur-
rent effects. The primary photocurrent flowing When devices are located in a
through the parasitic substrate resistance pro- high-density array (e.g., memories or gate ar-
duces a large enough voltage drop to forward rays) with minimum separation, photocurrent
bias one or both junctions. The primary pho- collection may be more closely described by a
tocurrents will then be multiplied by the gain of one-dimensional model. Lateral collection may
the lateral parasitic transistor. This effect will be much less important since many devices are
be evidenced by the relationship of photocurrent competing for the same collection volume. Com-
to dose rate becoming super-linear at high dose parison of the response of this structure to the
rates. It may also be affected by biasing the devices in sections 11.6 through 11.8 can provide
guardband at either ground or V,,. insight into differences in photocurrent collection

in densely packed arrays as opposed to collection
in I/O circuits located on the periphery of the

11.9 Photodiode-Buried- die.
Layer/Substrate with Guardband
of Large Width and Minimum 11.10 Photodiode-Buried
Spacing Layer/Substrate with Surrounding

Substrate Contact

11.9.1 Purpose
11.10.1 Purpose

The buried layer/substrate diode The buried-layer/substrate diode
surrounded by a large guardband as shown in with a surrounding substrate contact as shown
figure 70 is used to evaluate photocurrent collec- in figure 71 is used to evaluate the effectiveness of
tion of devices in a high-density layout. a topside contact to the substrate in interrupting

lateral photocurrent collection.

11.9.2 Description 11.10.2 Description

This structure consists of an inte- This structure consists of a
rior, buried-layer diode surrounded with buried- buried-layer diode which is sized to provide a
layer guard ring. The interior diode is typically measurable photocurrent at the expected upset
sized to yield a measurable photocurrent at the threshold based solely on the vertical collection
anticipated upset dose rate for the technology, volume. It is surrounded by a topside contact to
The guard ring is spaced at a minimum distance the substrate with minimum design rule dimen-
from the interior diode and is at least one diffu- sions and spacing between diode and substrate
sion length wide. Separate contacts are provided cont ict. Independent pads are provided for the
for the interior diode and the guard ring. diode and the substrate contact.
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11.10.3 Special Design Considerations size to a reasonable area. This may require pho-
tocurrents to be measured at a higher dose rate

This structure should be sepa- and extrapolated to the lower values.
rated from the nearest device by two diffusion
lengths. The metallization contact to the sub- 11.11.3 Special Design Considerations
strate contact structures should extend all the
way around the device. The substrate contact In bulk substrate technologies,
may have a relatively high resistance and require the collector/substrate diode is an unavoidable
a metallization strap to ensure a low impedance para.sitic associated with the transistor. Both
path for the photocurrent. The substrate con- the base/collector photocurrent and the col-
tact should be brought out to a pad that is sep- lector/substrace photocurrent will be flowing
arate from all other substrate contacts. through the collector contact. The device should

be laid out to minimize any secondary photocur-
rent effects resulting from the parasitic PNP

A topside contact to the sub- transistor formed by the intentional base, collec-

strate can provide a region of high recombina- tor, and substrate. This can be done by provid-

tion velocity which is effective in reducing lat- ing two collector contacts, a large area base con-
tact, and a surrounding substrate contact. The

eral photocurrent collection. In comparison to bae and clerontact su lrbe o ght
a buried-layer guard ring, the substrate contact base a e p ads.
has the advantage of no secondary photocurrent. out to separate pads.
In some technologies, the minimum design rule
spacing may be less for substrate contacts than 11.11.4 Applications
for guard ring diode. If this is the case, tighter
packing densities may be achieved. The base/collector photocurrent

should be measured with the current probe in
11.11 Photodiode-Base/Collector with the base lead to prevent corrupting the data

Minimum Aspect Ratio with the collector/substrate photccurrent. The
resulting photocurrent data should be reduced

11.11.1 Purpose to provide photocurrent per unit area so that
it can be scaled to areas associated with actual

The base/collector diode, as transistor dimensions.
shown in figure 72, is used to determine the pri-
mary photocurrent for the base/collector junc- 11.12 Phototransistor with Typical As-
tion. pect Ratio

11.11.2 Description 11.12.1 Purpose

The device is a diode with con-
tacts to the base region and the collector. It The phototransistor as shown in
is surrounded by a substrate contact ring. If figure 73 is used to determine the photoresponse
possible the device should be sized to provide a of a typical transistor as a function of dose rate.
measurable photocurrent at the expected upset It may also be used to verify predictions of
threshold. However, the collection volume for transistor response based on transistor models
the base/collector region is quite small. The de- and scaled values of base/collector and collec-
sign may have to be compromised to limit the tor/substrate primary photocurrents.
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11.12.2 Description

The phototransistor structure
maintains the same aspect ratio as a typical
transistor from the device library. However, it
may be scaled up to provide a larger photore-
sponse signal. Individual pads should be pro-
vided for the emitter, base, and collector. The
substrate contact may share a pad with other
substrate contacts on other structures.

11.12.3 Special Design Considerations

Particular attention should be
given to keeping the base resistance of this test
device similar to that found in a typical transis-
tor from the device library. The voltage dropped
across the base resistance is responsible for the
turn-on of the emitter base junction and con-
sequently secondary photocurrent. If there are
many transistor types in the library, several pho-
totransistor test structures may be required to
evaluate the dose rate response of each type.

11.12.4 Applications

Accurate modeling of base resis-
tance is one of the most difficult aspects of bipo-
lar transistor simulation. Therefore, it is ad-
visable to include a means for experimentally
verifying photocurrent inclusive models whose
parameters have been extrapolated from diode
measurements.
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12. MULTIDEVICE STRUCTURES sharing a common buried layer. The recessed
field oxide is represented as not extending all

12.1 Introduction the way to the buried layer and consequently
leaving a section of material with long lifetime

The test structures described in this which may participate in a latch path. The gap
section involve multiple devices which may or between the recessed field oxide and the buried
may not share a common isolation region or com- layer may be intentional or may be the result
mon buried layer. These structures represent of a processing error. Separate pads should be
parasitic paths associated with intentional de- provided for each region in the PNPN path.
vices which may be activated by ionizing dose
or dose rate environments. The result may be 12.2.3 Special Design Considerations
a leakage path or a latchup condition between
adjacent devices. Minimum design rule spacings

should be used for adjacent elements (i.e., the
12.2 Four-Layer Path in a Shared Isola- transistor and resistor). Devices should be ori-

tion Tub ented to maximize the gain of transistor in the

parasitic PNPN path.
12.2.1 Purpose

The four-layer path (PNPN) in 12.2.4 Application

a shared isolation tub, as shown in figure 74, The best practice for latchup pre-
is used to determine the latchup characteris- vention is to permit only one element per isola-
tics (i.e., switching voltage, triggering dose rate, tio
holding voltage, and holding current) of a latch nvren. nfuelypte desin a in,pahbetween devices within a shared isolation advertently include multiple devices in a region.
path Design rule checkers should be programmed to

ensure that such a design error is detected. If de-

12.2.2 Description sign rules permit multiple devices in an isolation
region (generally a bad practice), an empirical
evaluation of the latchup parameters should be

The structure shown in the fig- made to ensure that latchup indeed does not oc-
ure simulates a resistor in the same isolationre- cur or that the holding conditions (current and
gion as a transistor. However, similar structure voltage) cannot be maintained after the radia-
could be developed to simulate: tion event. Plans for hardness assurance moni-

toring must also be made.
1. diode and transistor,

2. two transistors, or Latchup can be eliminated as a
problem if:

3. diode and resistor sharing an isolation
area. 1. Potential latch paths can be shown to be

latch-free under worst-case conditions;
The figure contains similar devices shown in

both a junction-isolation technology and a bipo- 2. The holding voltage and/or holding cur-
lar, recessed-field-oxide technology. The re- rent at all temperatures cannot be main-
cessed field oxide structure is shown with the tained due to specific limitations of supply
transistor and resistor in separate epi tubs but voltage or current;
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Figure 74. Four-layer latchup path in a shared isolation tub.
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3. Circuit connections prevent latchup from 12.4 Adjacent Transistors in Separate
occurring (e.g., Darlington connection of Buried Layer Regions
transistors in the same isolation region).

12.4.1 Purpose
12.3 Schottky Diode Sharing a Buried

Layer with a Transistor Adjacent transistors in separate

buried layer regions as shown in figure 76 are
12.3.1 Purpose used to determine the latchup characteristics

The transistor with a Schottky (i.e., switching voltage, triggering dose rate,

diode in the collector as shown in figure 75 is holding voltage, and holding current) of a latch

used to evaluate possible latchup conditions in path involving the substrate.

those technologies which use Schottky diodes for
signal coupling between logic gates.

12.3.2 Description This structure is composed of two
typical dimension transistors placed side by side

This structure is a simple inverter at minimum spacing. Substrate contacts are
stage which incorporates the Schottky diode as placed on either side of the latch path to facili-
an integral part of the collector. Although sev- tate measurement of gain characteristics for the
eral diodes are typically included in the collec- parasitic transistors (lateral NPN and vertical
tor, only the closest diode-to-transistor spacing PNP). Additional substrate contacts should be
is of interest in this structure. Individual pads placed at spacing and orientation designated by
are provided for the Schottky anode, collector, the design rules. Individual pads should be pro-
base, and emitter of the transistor. vided for the base and collector of one transis-

tor, the collector of the second transistor, the
12.3.3 Special Design Considerations near substrate contacts, and the distant sub-

strate contacts.
Minimum design rule spacing

should be used between the Schottky diode and 12.4.3 Special Design Considerations
the transistor.

If the test chip is to be used in
12.3.4 Applications proceser development, the designer may wish to

The latch path simulated with include several of these structures. Additional
structures could include variations in transistorthis structure includes the Schottky diode asstuurscldildeviaoninrnitrthe emitter of the PNP transistor. Schottky spacing and location of substrate contacts. Ifthe miter o th PN trasisor. chotky three transistors are used, two buried-layer-to

diodes are typically poor minority carrier emit- thre-transtors eud b ri ed
ters. However, depending on the Schottky bar- buried-layer spacings could be investigated.
rier metal, the type of processing performed, and
the proximity and gain of the NPN transistor, 12.4.4 Applications
this structure could conceivably latch. Testing
on a worst-case path of this type can be used to The latch path for this structure

ensure that no latch is possible for the particu- includes:

lar processing used or that the holding voltage
and/or holding current conditions cannot be sus- 1. The base (anode) and collector (anode
tained after the radiation event, gate) of one transistor and

153



LEGEND
N+ BURIED LAYER - -CONTACT X X X
N SINKER METAL I
P ACTIVE BASE . VIA + + +
N+ EMITTER & CONTACT POLYSILICON
P+ EMITTER & INACTIVE BASE- - METAL 2 -----------------
THIN OX - - TEXT
CHAN'L STOP TRENCH

N+ EMITTER INACTIVE BASE
COLLECTOR SINKER

_ _J - X , , F IE L D O X IDE

P+ SUBSTRATE < BURIED LAYER

CONTACT; CHANNEL STOP

P-TYPE SUBSTRATE

Figure 75. Latchup path involving a Schottky diode in a shared buried layer.
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Figure 76. Latchup path involving separate transistors in separate buried layer regions.
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2. The substrate (cathode gate) and the col- 12.5.3 Special Design Considerations
lector (cathode) of the second transistor.

If the test chip is to be used in
In some technologies, mask misalignments may process development, the designer may wish to
cause a space between the recessed field oxide include several of these structures. Additional
and the buried layer. This can greatly increase structures could include 'ariations in spacing be-
the gain of the vertical PNP transistor. The tween transistor and resistor and location of sub-
designer may wish to use multiple, orthogonal strate contacts. An additional transistor could
layouts of this structure to detect such misalign- be placed on the other side of the resistor at an-
ments. Alternatively, intentional misalignments other spacing.
can be included in the layout.

12.5.4 Applications
12.5 Adjacent Transistor and Resistor in

Separate Buried Layer Regions The latch path for this structure

12.5.1 Purpose includes:

The adjacent transistor and resis- 1. The resistor material (anode) and epi tub
tor in separate buried layer regions as shown (anode gate) of the resistor and
in figure 77 are used to determine the latchup 2. The substrate (cathode gate) and the col-
characteristics (i.e., switching voltage, triggering lector (cathode) of the transistor.
dose rate, holding voltage, and holding current)
of a latch path involving t.he substrate. In some technologies, mask misalignments may

12.5.2 Description cause a space between the recessed field oxide
and the buried layer. This can greatly increase

This structure is composed of a the gain of the vertical PNP transistor. The
typical transistor and resistor with adjacent designer may wish to use multiple, orthogonal
buried layers separated by minimum spacing. layouts of this structure to detect such misalign-
Substrate contacts are placed on either side of ments. Alternatively, intentional misalignments
the latch path to facilitate measurement of gain can be included in the laycut.
characteristics for the parasitic transistors (lat-
eral NPN and vertical PNP). Additional sub- 12.6 Field Oxide FET with Adjacent
strate contacts should be placed at spacing and Buried Layers for Drain and Source
orientation designated by the design rules. If
the design rules do not require resistors to be 12.6.1 Purpose
plugged (i.e., shorted to the epi tub on the high-
voltage side of the resistor), separate connections The adjacent buried layers as
should be made to the resistor and epi tub. If shown in figure 78 form at thick field oxide
the technology permits multiple resistors in an MOSFET which is used to evaluate total-dose-
epi tub, the designer may wish to provide other induced leakage [107].
tub contacts at a variety of distances from the
latch path. All tub contacts should be brought 12.6.2 Description
out to individual pads. Also, individual pads
should be provide for the base and collector of This structure consists of two
the transistor, the near substrate contacts, and buried layers with dimensions defined by typi-
the distant substrate contacts. cal transistors. Collector contact diffusions have
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Figure 77. Latchup path involving a transistor and resistor in adjacent buried layers.
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Figure 78. Field oxide parasitic FET for bipolar technology.
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been included in the epi tube to ensure good con- 12.7 Annular Field Oxide FET with
tacts to the buried layer regions. The buried lay- Metal-i Gate
ers constitute the drain and source of a thick field
oxide MOSFET. Typically several variations of 12.7.1 Purpose
the structure are included to investigate the sen-
sitivity of the total ionizing dose-induced leakage The annular field oxide MOS-
to: FET as shown in figure 79 is used to evalu-

ate buried-layer-to-buried-layer leakage associ-
ated with transient suppression diodes on input

1. Buried layer to buried layer spacing, terminals.

2. Dimensions of channel stop implants lo- 12.7.2 Description
cated between the buried layers, and

This structure is a typical input
3. Dimensions of metal gates over the para- transient suppression diode surrounded by a

buried layer ring. Two variations are shown. In

the first, the first level metal connection to the

Individual pads are required for the gates and cathode bridges the region between the buried

drains. Sources may share a common pad. layer ring and the diode buried layer. In the sec-
ond, a section has been removed from the buried
layer ring, and the connection to the diode cath-

12.6.3 Special Design Considerations ode runs through the gap. Thus, there is no gate
bridging directly between the parasitic source

Each of these devices should be and drain. A channel stop implant has been lo-

surrounded by a channel stop with a substrate cated midway between the two buried layer re-

contact. The connection for the first level metal gions. Independent pads are provided for the

gate should be brought in on metal 2. This re- diode cathode and the buried layer ring. The
substrate contact may be shared with other de-

stricts the leakage current to just the region be-
tween the buried layers in the device, vices.

12.7.3 Special Design Considerations
12.6.4 Applications

Each of these devices should be

Buried-layer-to-buried layer leak- surrounded by a channel stop with a substrate
age is a dominant failure mechanism in bipo- contact. The connection for the first level metal

lar technologies employing a recessed field ox- gate should be brought in on metal 2. This re-

ide. The leakage is affected by the spacing be- stricts the leakage current to just the region be-

tween buried layers and the existence and bias tween the buried layers in the device.

condition of metallization overlaying the para-
sitic channel. The threshold dose for the onset 12.7.4 Applications
of leakage can be increased by placing a channel
stop implant between the buried layers. This Input leakage current is often the
structure and its variations can be beneficial in first parameter to exceed specifications as a re-
determining the design rules required to mini- sult of irradiation of recessed field oxide, bipolar
mize the radiation-induced leakage problem. microcircuits. The increased leakage is typically
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caused by a radiation-induced channel between to invert the surface of P-type regions associ-
the input transient suppression diode and its sur- ated with NPN and PNP transistors. This in-
rounding buried layer. Structu. is such as this creases the volume of the junction depletion re-
are useful in evaluating hardness improvements gion and can greatly increase the recombina-
due to changes in spacing, width of channel stop, tion/generation leakage current. The gate is
and other design modifications. used to provide a compensating electric field to

force the surface back into accumulation. This
12.8 Gated Diode permits the surface contribution of the leakage

current to be separated from the regular deple-
12.8.1 Purpose tion region contribution.

The gated diode structures simi-
lar to the device shown in figure 80 are used
to determine surface recombination velocity in
the base region of bipolar, NPN transistors, in
the collector region of a bipolar, PNP transis-
tor, and at the silicon/silicon-dioxide surface of
buried layer/substrate diodes [1].

12.8 2 Description

The particular gated diode shown
in the illustration is for base region investiga-
tions in an NPN transistor. Similar structures
would be used for the other regions of interest for
the technology. In each structure the field plate
should overlap the PN junction and extend well
into the P-type material.

12.8.3 Special Design Considerations

The area of the P-type material
overlapped by the metal field plate in the gated
diode should be approximately as large as the
PN junction of the diode. This permits the sig-
nal from the gate controlled portion of the device
to be as large as the background signal from the
diode. Connection to the gate should be brought
in on second-level metal with a via down to the
first-level metal gate as close as possible to the
device.

12.8.4 Applications

In bipolar devices, oxide trapped
charge resulting from total dose irradiation tends
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Figure 80. Gated diode test structure.
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13. RESISTORS High-resistivity polysilicon resis-
tors may also be affected by oxide trapped

13.1 Introduction charge. Similar test structures should be used
for technologies which employ polysilicon resis-

The test structures described in this tors.

section are used to evaluate radiation effects
on diffused resistors which are typically used in 13.2.4 Applications

bipolar technologies. Post-irradiation changes in
resistor values may by especially important in Charge trapped in the oxide as a

analog microcircuits. Therefore, these devices result of total ionizing dose irradiations can re-

should be carefully considered for test chips used sult in the depletion or inversion of the surface of

with analog processes. P-type resistors. This changes the resistivity and
cross-section of the resistors and consequently

13.2 Maximum Resistivity Resistor with their value. The effect is more pronounced in re-

Field Plate sistors made from higher resistivity layers. Since
the amount of charge trapped in the oxide is a
function of the electric field, a field plate has

13.2.1 Purpose been placed over the resistor structure. Total

dose measurements should be made as a func-
The resistor with field plate as tion of applied bias up to the maximum power

shown in figure 81 is used to determine the supply voltage used in the technology.
change in resistance caused by trapped oxide
charge resulting from total ionizing dose. 13.3 Resistor With and Without

Tb/Resistor Tie

13.2.2 Description

13.3.1 Purpose
This structure consists of a ten

square resistor with typical dimensions for the The resistor structures shown in
technology. It should contain no bends. It is figure 82 are used to investigate effective resis-
overlaid by a level-i-metal field plate which com- tance changes in an ionizing dose rate environ-
pletely overlaps the edges and is within mini- ment. Such structures are important in dielectri-
mum spacing of the resistor contacts. The resis- cally isolated technologies in which diffused re-
tor tub should be plugged (i.e., shorted to one sistors are used for current limiting at high dose
end of the resistor). Terminals are provided for rate [108].
each end of the resistor and the field plate.

13.3.2 Description
13.2.3 Special Design Considerations

Two types of dielectrically iso-
These structures should be in- lated resistors are shown in the figure. The first

cluded for all P-type resistors using ir- has a plugged tub (i.e., the resistor and tub re-
plants with sheet resistivity greater than 1000 gions are shorted by a metallization strip). The
ohms/square. If space permits, the designer may second has the tub region floating. The two re-
wish to include resistors with and without field sistors share a common pad for one terminal and
plates. This simplifies testing and data interpre- have separate pads for the other. The resistors
tation. are at least ten squares long.
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Figure 81. Diffused resistor with field plate.
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13.3.3 Special Design Considerations with the base acting as the channel and the
emitter as the top side gate. The base con-

Changes in effective resistance tact which acts as the source is connected to
during exposure to high-dose-rate ionizing radia- the emitter (gate) contact so that a zero gate
tion are most important for those resistors used to source voltage is maintained. Correlations
for current limiting. Therefore, limiting resis- are typically made between the measured con-
tors made from high-resistivity layers are typi- ductance (at Vgs = 0) and the neutron damage
cally given primary attention. However, resis- coefficient measured from data on an adjacent
tors made from lower resistivity layers may also transistor.
be important if a critical value of resistance must
be maintained during exposure. 13.4.3 £pecial Design Considerations

13.3.4 Applications In process characterization test

chips the pinched resistor structure should be

These devices are used to char- placed near the transistor geometry, which is ex-

acterize resistance as a function of dose rate. pected to limit the neutron hardness of the tech-

The effective resistance during irradiation will nology. The designer may wish to include the

depend on the initial resistivity, the depth of pinched resistor in his transistor library array.

the tub material, and whether or not the tub
is plugged. The change in effective resistance is 13.4.4 Applications
the result of both conductivity modulation and
photocurrent flowing between the resistor and The pinched resistor has the ad-
tub material. Usually, the relationship between vantage of requiring only a simple dc measure-
the dose rate and effective resistance is expressed ment which is relatively temperature insensitive
in terms of the critical dose rate where the resis- and can have a good correlation to the neutron
tance is half its original value, damage coefficient. It is particularly useful for

100% electrical screening at the wafer level.

13.4 Pinched Resistor

13.4.1 Purpose

The pinched resistor structure
shown in figure 83 is typically used as a hard-
ness assurance monitor for neutron hardness as
determined by base width and doping profile. It
is included in process characterization and eval-
uation test chips in order to establish a correla-
tion between pinched resistance values and post-
neutron irradiation gain values [109].

13.4.2 Description

This device has the same cross-
section structure as a bipolar transistor. How-
ever, its topological layout is similar to a JFET
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14. MACROCELLS 4. requirements for output buffers, and

14.1 Introduction 5. the importance of a particular macrocell to
microcircuit design.

The test structures described up to
this point were designed to isolate specific radi- In comparison to test structures, macrocells take
ation effects mechanisms as they relate to sim- up much more area and usually are designed to
pie devices such as transistors, diodes, resistors, follow the layout rules defined for the technol-
and capacitors. In some cases, the designs were ogy. The design should be subjected to design
selected to enhance the effects so that measure- rule checking to ensure that the layout rules have
ments were simpler or the signal-to-noise ratio been followed. The input, output, and power
was improved. The resultant test structures can supply pads should be arranged so that the de-
be very much different from the devices used in vice can be bonded out in a package. The out-
the actual microcircuit layout. The test chip de- put drive capacity of macrocells used for inter-
signer must remember that the goal of his effort nal logic may be quite limited, especially after
is to develop techniques for radiation hardening irradiation. The designer may wish to simulate
of practical microcircuits [1101. Thus, the results worst-case design rules by increasing the output
of measurements on test chips must be relatable load with additional capacitance or active loads
to microcircuit performance in a straightforward equivalent to the inputs of other cell. Care must
manner. be taken to prevent inadvertently overloading a

macrocell output by requiring cells intended for
By including macrocells on the test internal logic to drive directly off-chip. Usually,

chip, the designer can ensure that both test properly sized buffers are required for the exam-
structures and macrocell circuits were processed ining the output of macrocells used in internal
from the same material under the same condi- logic.
tions and were exposed to the same radiation
environment. This can greatly reduce the num- In the following subsections, a few
ber of variables that must be considered in re- typical types of macrocells are identified and
lating test structure results to circuit perfor- suggestions are made for their use on a test chip.
mance. Modeling procedures which extrapolate The list is a very small subset of all the macro-
test structure results to circuit performance can cells which could be examined. The test chip
be validated by comparing predictions and mea- designer may use this as a starting point for the
surements for the macrocells contained on the types of circuits which may be included on the
test chip. The macrocell results also provide chip and for the kinds of precautions which must
a check on the possibility that there is an un- be considered in their implementation.
foreseen interaction among devices which may
be important to post-irradiation circuit perfor- 14.2 Inverter/NAND/NOR Delay
mance. Chains and Ring Oscillators

In selecting macrocells to include on 14.3 Purpose
a test chip, the designer must consider.

The delay chain/ring oscillator is
1. the amount of area available, used to determine the effect of radiation on prop-

2. the number of output pads, agation delay for typical inverters or logic gates
for the technology. There is a great deal of litera-

3. loading effects, ture on the design of delay chain circuits and the
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interpretation of data from them [111-122]. The interrupt oscillation during irradiation so that a
designer and test engineer should review this ma- static bias condition can be obtained.
terial carefully to ensure that the delay chain
circuits are used appropriately. Delay chains are also preferable be-

cause they can be used to determine both low-
14.4 Description to-high and high-to-low propagation delays. The

values of the delays are often more representative
The delay chain or ring oscillator is of actual circuit operation because they swing

one of the most widely used macrocell configu- between full output high and low levels. Ring
rations for test chips It consists of the series oscillators tend to oscillate about the high gain
connection of a number of simple inverters or portion of the inverter voltage transfer charac-
gates. For a ring oscillator, the output is fed teristic.
back to the input, and an odd number of gates
is required to provide an unstable state. A prime If sufficient area is available, the
number of stages should be selected for a ring os- output buffers should be separated from the de-
cillator to suppress generation of harmonics. If lay chain or ring oscillator if the device is going
frequency of oscillation measurements are made to be tested at wafer probe with an x-ray source.
with a counter, care must be taken to ensure Sufficient separation should be maintained such
than the counter does not select a harmonic. For that the output buffers can be shielded from the
a delay chain, enough stages are required to en- radiation. Typically, 4 mils is sufficient spacing.
sure an easily measurable delay between the in- This makes interpretation of the post-irradiation
put and output. Since the chain is composed data easier since the degradation of the output
of internal logic devices, the output should be buffers does not have to be considered. The out-
buffered to ensure that the results are not dom- put buffers should also be provided with separate
inated by the output load. If the delay chain power pins. This helps prevent switching noise
is split into a long chain and a short chain, the from being coupled into the output.
effects of the output buffer can be normalized
out by subtracting the short chain measurement 14.5.1 Application
from the long chain measurement.

Delay chains can be used to deter-
14.5 Special Design Considerations mine changes in propagation delay as a function

of total ionizing dose or neutron fluence. Values
In general, delay chains are more of both low-to-high and high-to-low delay should

appropriate for radiation effects measurements be determined as a function of bias condition
than ring oscillators. Whereas the bias on the during irradiation. If the delay chain is corn-
transistors in a ring oscillator is continually posed of multiple input gates rather than invert-
changing, the bias condition of each device in a ers, the bias condition on all inputs should be
delay chain can be set during irradiation. Since carefully considered to achieve worst-case per-
total ionizing dose effects are very sensitive to formance. For example, in a CMOS NOR gate,
bias condition, the ability to set up a known bias the unused inputs should probably be biased to
rmv.tinn is very A,-;rable. It also makes the a high state during irradiation to ensure maxi-
comparison of predicted and measured propaga- mum hole trapping in the N-channel device.
tion delays much simpler since the predictions
can be based on data taken from transistors ir- Frequency-dependent propaga-
radiated under static bias conditions. If ring os- tion delays have been observed in some insulated
cillators are used, they should include a gate to substrate technologies with floating bodies. The
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increase in propagation delay with frequency be- Usually, subcircuits can share a
comes more pronounced after irradiation. Mea- common power bus. However, if the circuits
surements on delay chains for such technologies are sensitive to switching noise, individual power
should cover the frequency range between 10 kHz busses should be provided. Special attention
and 10 MHz. should be given to the number and placement of

topside contacts to the substrate. They should

14.6 Key Subcircuit Functions be characteristic of those incorporated in actual
microcircuit designs.

14.6.1 Purpose Subcircuits are usually packaged

Designs of complex microcircuits for testing in radiation environments. There-

are typically partitioned into a number of key fore, pads should be arranged to facilitate bond-

circuit functions. An understanding of the ra- ing. During the test chip design, consideration
should be given to the type of package that willdiaton erfrmace f thse uncion ma be be used for radiation testing. Subcircuits should

crucial to the evaluation of their design and their be paed o make eiin u of t n u r
inteacton wth thersubircuts.be placed to make efficient use of the number of

pins available in the package. If there is a de-

sire to correlate subcircuit performance to pro-
14.6.2 Description cess variables or transistor characteristics, suit-

able test str..ctures should be included on the
Naturally, the specific function to subcircuit section. The test structures may not

be included on a test chip will be determined require output pads since they can be measured
by the types of microcircuit designs which the through probe pads. However, provisions for bi-
test chip results will support. For example, a asing from a bondable pad may be required.
test chip intended to support an analog process
might include subcircuits for comparators, sam- 14.6.4 Applications
ple and hold units, voltage references, etc. A
test chip to support memory designs might in- Special subcircuits are often used
clude I/O buffers, decode circuits, a variety of to evaluate alternative designs or design rules
random access memory (RAM) cells, different when analytical tools are inadequate for making
sense amplifier designs, etc. a selection. They are also useful in verifying the

predicted performance of a selected design.
14.6.3 Special Design Considerations

14.7 Standard Internal Gate Design
The test chip designer should give

special consideration to subcircuit loading, pro- 14.7.1 Purpose
visions for power, and pad placement. If the out-
put of the subcircuit cannot directly drive an off- Standard internal gate designs are
chip load, provisions must be made for output used to evaluate changes in transfer characteris-
buffers. If area limitations are severe, the out- tics and noise margins as a function of radiation
puts of several subcircuits may be multiplexed and bias condition.
to a single set of output buffers. However, the
post-irradiation performance of the multiplexer 14.7.2 Description
should be carefully considered to ensure that the
subcircuit performance is not compromised by The standard internal gate de-
the monitoring scheme [18-21]. sign is particularly useful in test chips used for
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radiation-hardened technologies for gate arrays 14.8.3 Special Design Considerations
or standard cells. Multiple input gates up to the
limit permitted by the electrical design rules of Outputs of the shift register or
the technology should be included. If these de- counter should be buffered.
vices have unbuffered outputs, they should be
used only for monitoring leakage, changes in the 14.8.4 Applications
output level, noise margin, and transfer func-
tion. Shift registers should be tested to

determine both maximum clock frequencies and
14.7.3 Special Design Considerations the setup and hold times required between data

and clock. Counters and shift registers should
The design should provide for be tested for post-irradiation minimum pulse

variations in bias on multiple input gates. This widths on clock, reset, and set terminals.
usually means a separate output pad for at least
two inputs. If a worst-case bias condition can be 14.9 RAM Section
identified, some inputs may be tied to the power
supply or ground. 14.9.1 Purpose

14.7.4 Applications Sections of a RAM which may be
much smaller (e.g., 512 bits) than a full semicon-

In standard cell or gate array tech- ductor memory can be very useful in evaluating
nologies, the results of measurements on internal dose rate upset, single event upset, and post-
gate may become part of the design specifica- irradiation performance. Different designs for
tions and used to set electrical design rules for RAM cells can be used in memory sections which
maximum fanout. share I/O, decode, sense amplifiers, and output

multiplexers with other sections. Design con-
14.8 Shift Registers or Counters cepts and performance can be evaluated without

building a full-scale memory.
14.8.1 Purpose

14.9.2 Description
Shift registers or counters are used

to determine maximum post- Due to the high degree of inter-
irradiation clock frequencies, radiation-induced- action among the subcircuits in a RAM design,
state change thresholds, and single-event-upset it is difficult to evaluate the radiation perfor-
characteristics of sequential devices other than mance of the entire microcircuit from measure-
memories. ments on individual subcircuits. A RAM section

contains all the elements of a full-sized memory
14.8.2 Description but with a smaller array of memory cells. The

RAM section size should be consistent with the
Shift registers and counters are se- partitioning expected in the full RAM design.

ries connections of flip flops with appropriate Naturally, portions of the decode, output multi-
feedback in the case of counters. Counters are plexing, and other peripheral circuits should be
particularly easy to test in a radiation environ- sized to the address requirements of the RAM
ment since they require only one signal input, section. Dummy loads may be required on some
and their correct output is known from the num- nodes to simulate the effects of additional ele-
ber of clock pulses. ments in a full RAM design.
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14.9.3 Special Design Considerations 14.10.2 Description

The response of a RAM section Most microcircuit designs use
can be used to evaluate the intrinsic dose rate standard I/O buffers to receive incoming signals

and SEU hardness of the designed RAM cell. and to drive off-chip loads. These macrocells

However, the dose rate upset threshold of the may have characteristics which are much differ-

full RAM may be affected by rail span collapse ent from those of internal logic cells. For exam-

which is caused by voltage drops along the power ple, CMOS buffers designed to receive TTL in-

supply bus in the full design. The result is that puts or drive TTL loads are designed differently
the voltage across a memory cell at the end of a from simple CMOS inverters. These macrocells

power bus may be much lower than the voltage may be responsible for a large portion of the

supplied at the power pins. In order to simu- post-irradiation leakage current.

late this effect in a memory section, independent
power pads can be supplied for the memory ar- 14.10.3 Special Design Considerations
ray. Thus, it can be tested at a reduced voltage
to determine the relationship between upset and I/O buffer macrocells are typi-
voltage across the cell. cally designed with individual power pads so

that their power consumption can be monitored.

For SEU testing, the dimensions
of the memory array must be large enough 14.10.4 Applications
so that there is a high probability of a strike
through the critical node during a reasonable If chip area is a problem, I/O
exposure time. Typically, memory arrays of at buffers may have multiplexed inputs to provide
least 6.4 bits have been sufficient to make effi- chip buffering for internal logic cells.
cient use of beam time at a heavy ion source.

14.11 Input Protection Circuits

14.9.4 Applications 14.11.1 Purpose

In addition to their use in evaluat- Input protection networks are
ing dose rate and SEU thresholds, RAM sections used to suppress electrostatic discharge spikes
are valuable for determining changes in access and other electrical overstress waveforms aris-
time as a function of temperature and radiation ing from electromagnetic pulse (EMP), inter-
dose. nal electromagnetic pulse (IEMP), and system-

generated electromagnetic pulse (SGEMP). Cir-

14.10 Input/Output Buffers cuits are typically designed to shunt the over-
stress energy to either the power supply or
ground.

14.10.i Purpose

14.11.2 Description
Input/output buffers are useful

for evaluating changes in output drive, output The design of the input protec-
leakage, input leakage, and noise margin to be tion network depends on the devices available
expected post-irradiation. They can also be used in ti technology. In general, the devices re-
to determine the upset threshold output. quire a fast switching response to clamp the
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overstress voltage before it exceeds the dielectric upset threshold can be determined as the dose
strength of gate insulators. The protection net- rate at which the transient response of the gate
work must be capable of handling the overstress is sufficient to change the state of the latch.
energy without catastrophic failure.

14.12.2 Description
14.11.3 Special Design Considerations

Usually this test structure con-
Input protection networks sists of two latches. Each has provisions for ex-

should be included on all input buffers for macro- ternal reset. One latch has its input tied to a
cells. This permits the packaged devices to be reference voltage; another is driven by an inter-
handled without electrostatic discharge damage nal logic gate. Both latches are monitored dur-
if normal precautions are taken. Individual test ing dose rate testing to determine if the upset
structures such as MOS transistors should not threshold of the latch driven with the gate out-
have input protection networks on their termni- put is degraded. An upset at a lower dose rate
nals. The leakage from the input protection net- indicates that the transient response of the gate
work may mask the subthreshold performance is sufficient to cause a state change in the latch.
of the transistor. Test chip transistors must
be handled with extraordinary caution because 14.12.3 Special Design Considerations
of their susceptibility to electrostatic discharge
damage. If the transient response of the

internal logic gate must be known with greater
14.11.4 Applications precision, a comparator with an external volt-

age reference may be included between the gate
Input protection networks used and latch. This assumes that the technology will

in radiation-hardened microcircuits may have support the design of a comparator. If the dose-
more stringent requirements than those used in rate-induced state change threshold for the latch
c 'rnercially equivalent functions. The energy is close to the transient upset threshold of the
roatent in EMP, SGEMP, and IEMP waveforms gate, a hardened latch may have to be designed
may be considerably higher than typical electro- in order to differentiate between the two effects.
static discharge (ESD) transients. Therefore, de-
sign precautions should be taken to ensure uni- 14.12.4 Applications
form current flow during operation of the pro-
tection network. Routing of metallization and If output pads are limited, the
dimensions of metallization runs should be ad- latch outputs can be applied to a gate and only
equate to handle anticipated currents without the gate output must be monitored externally.
current crowding or excessive power dissipation The output gate could be an I/O buffer as de-
in the conductors. scribed previously.

14.12 Minimum Gate into A Latch 14.13 Large Combinational Macrocell

14.12.1 Purpose 14.13.1 Purpose

The dose rate response of an Large combinational macrocells
internal logic gate is difficult to measure di- such as arithmetic logic units, multipliers, etc,
rectly because the monitoring circuitry exces- can be used to monitor transient upset, post-
sively loads the gate and affects its radiation per- irradiation propagation delay degradation, and
formance. By driving a latch with the gate, the high-dose-rate burnout effects [123-124].
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14.13.2 Description

Combinational macrocells such
as arithmetic logic units are often building
blocks for large microcircuit functions. If they
are available from a design library, they can be
useful additions to a test chip as examples of
complex metallization runs and realistic propa-
gation delay paths. If latches are added to their
outputs, they can be useful for monitoring tran-
sient upsets propagating through the logic as a
result of dose rate or single event effects.

14.13.3 Special Design Considerations

The large cell should have full de-
sign rule checks performed.

14.13.4 Applications

Combinational macrocells can be
useful in evaluating predictions made for prop-
agation delay changes post-irradiation. Care
should be taken to ensure bias conditions dur-
ing irradiation are consistent with those used in
the analysis.
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